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Abstract
Carbon steel is the material of choice for transmission pipelines for the oil and
gas industry across the globe due to its mechanical properties, and low cost. Carbon
steel is only resistant to corrosion under specific aqueous conditions which depend
on the pH, the availability of an oxidant, and the types of anions present in the
exposure environment. Transmission pipelines are coated with non-conductive
polymeric coatings and can be protected by cathodic protection in order to mitigate
exterior corrosion. The primary goals of this thesis were to determine the role of
anions, cathodic charging with hydrogen, and steel microstructure on different failure
modes of carbon steel.
The

corrosion

mechanism

of

carbon

steel

in

the

presence

of

carbonate/bicarbonate and sulphide was investigated electrochemically and under
corrosion conditions. The role of sulphide in chemically destroying protective iron
oxides was investigated both electrochemically and under corrosion conditions. In
near-neutral to slightly alkaline conditions, sulphide can chemically prevent the
formation of iron oxides at [SH-] < 10-6 M [SH-] by reducing FeIII oxides to defective
FeII species which subsequently dissolve. The ability of carbon steel to resist passive
film breakdown was found to be primarily dependent on pH and [SH-].
The role of cathodic charging on accelerating anodic dissolution and
interfering with passive film formation was investigated using hydrogen permeation
and voltammetric experiments. A pearlitic and ferritic microstructure was found
more susceptible to trapping than a dominantly ferritic microstructure containing
bainite. As trapped hydrogen desorbs from the metallic lattice, atomic H is able to

ii

reduce FeIII to FeII and produce a highly defective surface oxide that led to accelerated
anodic dissolution and a degraded passive film.
The role of microstructure on crack propagation was investigated by electron
back scatter diffraction on micro compact tensile specimens. The material was
determined to be compromised of primarily high energy high angle random grain
boundaries which showed no preference for crack propagation. The crack propagated
inter-granularly at grain boundaries between two ferrite grains and trans-granularly
when encountering either pearlite in air and corrosion experiments and possibly
when encountering pits during corrosion experiments.
Keywords: Steel, Sulphide, Corrosion, Electrochemistry, Hydrogen Embrittlement,
Cathodic Charging, Cracking

iii

Summary for Lay Audience
The direct cost of corrosion accounts for roughly 3% of the world’s gross
domestic product. Corrosion within the oil and gas industrial sector poses added
risks to the environment and to people. This sector currently utilizes multiple
approaches to mitigate external corrosion, such as the application of protective
coatings. However, it is possible for corrosion coatings to fail which can lead to a
wide variety of failure mechanisms. Should the external corrosion protective layer
fail, steel can produce a naturally occurring protective oxide layer. However, the
exposure environment at the exposed steel surface will dictate the nature of the
corrosion process and, if sufficiently aggressive, destroy any passive oxide. Two
species that can be extremely detrimental to structural integrity are sulphides,
produced by microbial corrosion, and atomic hydrogen, produced by the reduction
of water. This thesis investigates the role of sulphide and atomic hydrogen in the
degradation of surface oxides and the acceleration of steel corrosion.
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1
Introduction
1.1 Project Overview:
The oil and gas industry is one of the largest industries in Canada accounting for
approximately 7% of the Gross Domestic Product.1 The safest and most economically viable
manner of transporting the raw materials in this industrial sector is by pipeline as opposed
to truck or rail.2 In Canada, there is over 800,000 kilometers of pipeline used to transport oil
and gas.3 All pipelines are externally coated with polymeric coatings to inhibit corrosion and
commonly further protected from corrosion by cathodic protection. When applying cathodic
protection (CP), the pipe is either connected to a sacrificial anode, making the pipeline the
cathode with the sacrificial anode corroding preferentially or CP can be carried out by
passing a current between the pipeline (the cathode) and an inert anode.4 CP would cause
any water in contact with the pipeline to be alkaline (pH 8-10). However, coatings can
disbond and expose the steel to groundwater and, depending on the coating, shield the steel
from cathodic protection. The introduction of sulfate reducing bacteria once CP fails could
lead to sulphides being produced at the pipeline surface in slightly alkaline environments. In
the United States, twenty five percent of major accidents in transporting hazardous liquids
and natural gas were reported to be caused by corrosion. 5 When transporting hazardous
liquids and natural gas, sixty five percent and thirty five percent of accidents, respectively,
were due to external corrosion.5 Mitigating external corrosion of transmission pipelines can
reduce the risk of pipeline failures, which pose significant harm to both the environment and
humans.
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1.2 Steel Metallurgy
Elemental Fe exists as a solid at temperatures below 1538 ⁰C. Depending on the
temperature (T) Fe will exhibit different crystallographic and physical properties. In the
1538-1395 ⁰C range Fe exists as d-Fe with a body centered cubic (BCC) crystallographic
structure. Upon subsequent cooling the structure rearranges into g-Fe which is face centered
cubic (FCC). As cooling continues to < 910 ⁰C Fe rearranges into the BCC structure associated
with α-Fe. α-Fe can be either non-magnetic (at T > 770 ⁰C) or magnetic (at T < 770 ⁰C). The
addition of C to Fe leads to cast Fe and carbon steels. When Fe has a C content > 2.1 wt% it is
classed as a cast Fe. Steels can contain a range of impurities such as Si, Al, S and P and can be
alloyed with multiple tertiary elements such as Cr, V, Mo, Mn, S and can be divided into low
or high alloy steels depending on whether the alloy content is < or > 7%.
Alloying additions to a pure metal can lead to either atom exchange or incorporation
at interstitials sites. For interstitial alloying to occur, the interstitial atom must be
significantly smaller than the lattice atoms (Figure 1.1). Figure 1.2 shows the Fe-C phase
diagram which indicates the different Fe-C phases as a function of C content and
temperature. The distinct solid phases that can exist in steels are austenite (γ-Fe), ferrite (α-

Interstitial alloying in a BCC lattice

Substitutional alloying in a BCC lattice

Figure 1.1 left: interstitial atom (orange) in a BCC lattice (blue) right: substitutional atom
(red) in a BCC lattice (blue)
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Fe), martensite or cementite (Fe3C). Different microstructures can exist within the steel.
Common microstructures of steel include pearlite and bainite (Figure 1.3), which are
comprised of cementite and ferrite in lamellar and non-lamellar structures respectively.6, 7
As the C content increases, the strength and brittleness of the steel changes. X-series steels
are mainly used in the oil and gas industry for transport pipelines and are classified by their
yield strength (the number following X in ksi) which ranges from X60 – X100.

o

Temperature C

Liquid

Austenite ("-Fe)

Liquid + Austenite

Austenite + Cementite

Ferrite (∝-Fe)

Ferrite + Cementite
Mass % C

Figure 1.2 Phase diagram for Fe-C at low C percentages.
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Figure 1.3 SEM micrographs showing left: bainite; right: pearlite/ferrite.6, 7
1.3 Coatings and Cathodic Protection
Pipelines are typically protected from exterior corrosion by coatings and/or cathodic
protection. Coatings are used to prevent corrosion by acting as a barrier layer between a
buried pipeline and potentially corrosive soil. Cathodic protection (CP) prevents corrosion
in one of two ways; (i) the steel is coupled to a more active metal which becomes a sacrificial
anode with the steel acting as the cathode. Commonly, this is insufficient to provide
DC Power Supply
-

buried pipe

+

anode

Figure 1.4 Schematic Illustration of cathodic protection on a buried pipe
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protection in environments where the resistivity is high (i.e., in some soils). (ii) Impressed
current cathodic protection in which cathodic current is forced to flow through the steel
connected to an anode which is generally inert. Figure 1.4 shows a schematic representation
of a cathodic protection system.
If coatings disbond, exposing the steel to groundwater, the exposed surface can be
shielded from cathodic protection and become susceptible to corrosion. Additionally, the
imposition of an excessive cathodic protection potential or impressed current can lead to the
production of atomic H on the steel surface by the cathodic reduction of H2O. This atomic H
can then combine to produce gaseous H2 which would be released to the environment or the
H can be absorbed into, and transported, within the steel. While this can lead to H
embrittlement in high strength steels, the low strength steels chosen for pipelines do not
generally suffer embrittlement but can undergo stress corrosion cracking. Hydrogen diffuses
through steels primarily through interstitial sites within the ferritic lattice until
encountering a trap site, recombining with a second H atom, or combining with a C atom.
Carbon steels are susceptible to a number of hydrogen effects. Hydrogen
embrittlement involves the absorption and transport of H into the steel, leading to a

Figure 1.5 SEM micrograph showing ruptures and blisters due to H in steel.9
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reduction in ductility and load bearing capacity, and possibly eventually to fracturing at
stresses below the yield stress of the steel. At high temperatures and pressures H can react
with the C in the steel to form methane, leading to the development of internal pressures.
Additionally, at defects and inclusions, atomic H can reform to yield H2 gas with the internal
pressure leading to blistering at these locations. This process can result in cracks, ruptures
and fissures (Figure 1.5).8,9
Hydrogen induced cracking is a form of stress corrosion cracking (SCC), a general
process leading to material failure by crack propagation, as a consequence of environmental
and physical stressors. SCC is a major concern for the structural integrity of oil and gas
pipelines. Corrosion can occur by the ground-water (electrolyte) trapped under disbonded
coatings, while tensile stress can be caused by soil movement and the internal operating and
fluctuating pressure within the pipeline. When corrosion is general and widely distributed,
SCC does not occur. Therefore, SCC generally occurs at the film-environment interface on
passive materials. The tensile stress required for SCC to occur is below the macroscopic yield
strength of the steel. SSC is most likely to initiate at surface defects or weak-points, such as
at a weld interface, allowing the development of the high localized stress required to
propagate a crack. The conditions that dictate whether SCC will take place are the properties
of the chosen material, the stress levels and the aggressiveness of the environment.10
Selecting an appropriate steel is important when considering the avoidance of SCC,
since susceptibility is dependent on properties such as strength, alloy content, and grain
boundaries. The form of SCC on steel depends on the material’s yield strength. High strength
steels will be more vulnerable to hydrogen embrittlement (HE), while if SCC is due to plastic
strain (the presence and movement of dislocations) at the crack tip, then low strength steel
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will be more susceptible. Alloying, for example by the addition of Cu, can restrict SCC induced
by HIC, and Cr alloying has been shown to decrease cracking in nitrate rich environments,
and Ti alloying to reduce susceptibility in basic environments.11,12 Furthermore, SCC can
occur either transgranularly or intergranularly depending on the exposure environment,
grain size, grain boundary enrichment or depletion in specific elements, and heat treatment.
The strain on a material can be due to either a static stress (elastic, crystal lattice
deformation, or plastic stress (displacement of the crystal lattice through dislocations)), or
to a cyclical stress caused by fatigue. While the introduction of plastic strain can be deliberate
in order to strengthen the material prior to use, a plastic stress can cause cracking of a
material and susceptibility to SCC. For pipelines, tensile stress is most common, due to
pressure fluctuations caused by oil or gas flow within the pipe.13 In corrosive environments,
the fatigue resistance of a metal is decreased, allowing for earlier crack initiation and crack
propagation.
The corrosive environment to which the steel would be exposed after a coating failure
will dictate whether or not SCC is possible. For SCC to occur, the rate of corrosion of the steel
matrix must be moderate and allow film formation to occur on the steel surface exposed by
cracking. Anodic dissolution is then maintained only at the crack-tip while the walls are
protected by oxide formation. Localized corrosion processes, such as pitting or crevice
corrosion, can also occur if a protective coating disbands. This creates residual stress at the
locally corroded site. This stress can then facilitate crack initiation at that location which
would have remained structurally sound at a lower stress level.10
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1.4 Crack Initiation and Crack Propagation
When exposed to a weak stress which would generally not cause cracking one of three
mechanisms may lead to crack initiation. The first mechanism is when a surface
discontinuity creates additional stress at a localized area.13 Such a discontinuity could be a
scratch (that occurred prior to, or during, usage), a dent (created prior to usage) or by
corrosion (during usage).14 These areas are likely to already be covered by a poorer oxide
than present on the general surface which can lead to an increased likelihood of film rupture
and re-passivation, the sequence of processes that allow cracking to propagate. The second
mechanism is a susceptibility due to metallurgical imperfections introduced during
processing. Imperfections such as secondary phases, inclusions, and sensitized grain
boundaries, can all cause preferential corrosion to occur.15 An area of preferential corrosion
will cause the pipe to weaken, thereby facilitating crack initiation. Lastly as mentioned above,
a crack can more easily initiate at an area of localized corrosion (pits).16
Once the crack has initiated, propagation can occur by a multitude of mechanisms.
The propagation of a crack can either be stress based or corrosion based (metal dissolution).
In order for the crack to propagate, corrosion must preferentially occur at the crack tip as
opposed to on the crack walls. A mix of more aggressive chemistry and stress located at the
crack tip can facilitate propagation. This mechanism can happen either transgranularly or
intergranularly. The crack can then either repassivate, followed by a further rupture, or
continuously propagate if the combination of stress and corrosive chemistry allows the rate
of rupturing to exceed that of repassivation.17 The second influence on corrosion
propagation is due to the microstructure of the metal. When a grain boundary and grain have
significantly different composition (sensitization) the electrochemistry will vary between
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the grain and grain boundaries. This lack of uniform composition can cause galvanic coupling
between the grain and grain boundaries, or simply cause preferential corrosion.18 Typically,
this mechanism of SCC will be intergranular in nature.
Many proposed mechanisms exist for stress driven crack propagation.19,20,21 No
current model is capable of universally explaining SCC failures.19,20,21 Depending on the
environment and conditions, different mechanisms can be proposed to explain a specific
failure. Different features and processes account for crack propagation. Examples include:
vacancies within the metal, film ruptures by plastic slip (where triaxial stress prevents
plastic deformation, thereby causing multiple branches to initiate from the initial crack), and
film growth which elevates internal stress on the metal (causing crack propagation to occur
when the film fails).19,20,21 However, none of these mechanisms are capable of universally
describing SCC. As such, each failure displays unique evidence as to how the crack initiated
and propagated.
1.4.1 Near-Neutral Stress Corrosion Cracking
SCC can occur in acidic, near-neutral, and basic conditions. Near-Neutral SCC (NNSCC)
is primarily encountered in ground-water containing high concentrations of bicarbonate and
dissolved CO2 in anaerobic environments. Carbonate-bicarbonate can be present due to
either geographical reasons (i.e., the presence of limestone deposits), or it can be present
due to the reaction of hydroxyl ions (primarily produced by cathodic protection), and
dissolved CO2 present in soil. NNSCC can be both intergranular and transgranular. However,
a majority of cracks are transgranular. NNSCC tends to occur in the corrosion potential (Ecorr)
range between -683 mV (vs SCE) and -713 mV (vs SCE) when cathodic protection is impeded
due to high soil resistivity and when shield-coatings disbond. Shield-coatings are coatings
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that prevent ionic transport but are permeable to gases. When a shield-coating disbonds
electrolyte can contact the pipe and an uncontrolled Ecorr can be established since impressed
current cannot reach the location. Furthermore, the electrolyte that reaches the location may
contain sufficient CO2 for the electrolyte to have a near-neutral pH. Typically, the solution
trapped under a disbonded coating is a low-volume, thin-layer of electrolyte. These thinlayers of electrolyte can induce a film rupture/passivation mechanism for SCC rather than
an hydrogen induced cracking (HIC) mechanism.22 When CP is present, NNSCC initiates at
locations where localized corrosion, such as pitting has already occurred. Under the
conditions able to sustain NNSCC pits can form by micro-galvanic coupling at grainboundaries or at phase interfaces (ferrite-cementite).
Corrosion pits can be initiated on pipelines due to local fluctuations in potential.
Defects and inclusions provide sites where additional cathodic polarization can occur under
CP conditions leading to the enhancement of the cathodic reaction at these sites. Prior to
these cathodic fluctuations, the electrical double-layer is uniform across sites with and
without defects and the cathodic reactions are at equilibrium.23 The corrosion process is
mass-transport limited due to the limited supply of cathodic reagents such as water, and
protons supplied by bicarbonate. Since each potential cathodic reagent has a different
reduction potential, the applied CP potential must be sufficiently negative to allow the
reduction of all species. When cathodic fluctuations occur, the more readily polarized sites
experience cathodic enhancement leading to local anodization of the surrounding areas and
the formation of pits. When cathodic fluctuations are sufficiently large and frequent, pit
growth can become self-sustaining.24
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Typically, the solution trapped under a disbonded coating is a low-volume, thin-layer
of electrolyte. In these thin-layers the film rupture/passivation mechanism of SCC is
favoured over the HIC mechanism.22 Soil chemistry can have a large influence on the
behavior of SCC in near neutral-pH conditions, since it leads to the production of high
hydrogen permeation currents. Cheng et al. demonstrated that soil conditions leading to the
production of large amounts of subsurface hydrogen correlate with a higher susceptibility to
NNSCC.25
Usually, NNSCC is enhanced by hydrogen effects, making steels with microstructures
which resist H transport able to impede the propagation of cracks. While NNSCC tends to be
transgranular, intergranular stress corrosion cracking (IGSCC) can still occur. Random highangle grain boundaries will be more susceptible to crack propagation, as opposed to lowangle grain boundaries and special coincidence site lattice boundaries which are crack
resistant. Therefore, it may be possible to inhibit or reduce the risk of IGSCC by having a large
number of crack resistant grain boundaries along the steel surface.26
1.6 Iron and Steel Corrosion
General aqueous corrosion can occur on a buried pipeline with the rate and extent of
external corrosion being dependent on the exposure environment once the pipe coating
disbonds. This environment can be either anaerobic or aerobic and the chemistry can vary
depending on the soil components at the location where the pipeline is emplaced. Carbonate
(CO3-2) and bicarbonate (HCO3-) dominate in near-surface ground water due to the presence
of calcium carbonate (CaCO3) from geological sources, which produces a slightly alkaline soil
environment..27 The dissolution of Fe, and the anodic reaction in the overall steel corrosion

12

process in water, has been shown to proceed via a sequence of reaction steps leading to the
formation of soluble Fe2+.28
The anodic half reactions
Fe à Fe2+ + 2e-

(1.1)

Fe + 2H2O à Fe(OH)2 + 2e- + 2 H+

(1.2)

are coupled to one or both of two cathodic reactions, the reduction of H2O and/or dissolved
O2 .
2H2O + 2e- à H2 + 2OH-

(1.3)

O2 + 2H2O + 4e- à 4OH-

(1.4)

allowing the overall corrosion reaction to proceed, however, Fe(OH)2 is neither
thermodynamically nor kinetically stable. Depending on the redox conditions, the
temperature and the pH of the groundwater, Fe(OH)2 will further oxidize to Fe oxides and Fe
oxy-hydroxides.29,30 The nature of the oxide/hydroxide formed will depend on whether

Figure 1.6 Equilibrium potentials for the Fe-H2O system at: pH 8.4 (top), pH 10.6
(bottom).30-31
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water reduction or oxygen reduction is the cathodic reaction. The nature of the cathodic
reaction will influence the Ecorr leading to the possible formation of a range of different Fe
oxides and oxyhydroxides which vary in solubility in the sequence29
Fe(OH)2 > FeOOH > Fe3O4 > Fe2O3
Figure 1.6 shows the equilibrium potentials for the Fe-H2O system at pH 10.6 and pH 8.4.31,32
Depending on the Ecorr, the coupled half reactions (1) to (3), can lead to the formation of
different Fe oxides and oxyhydroxides. In the potential range -900 mV to ~-625 mV (vs SCE)
it is thermodynamically favorable for Fe to oxidize and form either Fe(OH)2 or Fe3O4
(magnetite). In anaerobic conditions, Fe3O4 is formed via the Schikorr reaction,
3Fe(OH)2 à Fe3O4 + H2 + 2 H2O

(1.5)

Depending on the potential and [O2] of the exposure environment, Fe2+ or Fe(OH)2 can be
further oxidized to FeIII oxides/oxyhydroxides such as Fe2O3 or FeOOH. Further, in the
presence of an oxidizing agent the solid-state conversion of FeII oxides to FeIII oxides can
occur. Thus, magnetite can be converted to y-Fe2O3 and/or Fe by the following reactions.33
4Fe3O4 + O2 à 6Fe2O3

(1.6)

3Fe3O4 à 4Fe2O3 + Fe

(1.7)

with the extent and rate of corrosion increasing as the [O2] increases. This interconversion
process (reaction 1.6) can occur rapidly due to the similar crystallographic structures of the
two oxides. If a solid-state conversion between oxides with dissimilar crystal structure
occurs, it could lead to film rupture and accelerated dissolution. However, ground-water that
contacts a pipeline at a location where CP or coatings have failed, will contain multiple anions
and cations which will complicate the corrosion process. Anions, such as HCO3-/CO32-, Cl-,
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and SH-, can lead to accelerated or decelerated corrosion depending on the species present
and their concentrations.
Carbonate may be of particular concern as it will accelerate corrosion and alter the
composition of the corrosion products.28 Figure 1.7 shows the potential-pH diagram for the
water/Fe system. The predominant corrosion product in the water stability region at low
potentials is typically Fe3O4. In the presence of carbonate, siderite and soluble Fe-carbonate
species become the predominant corrosion product at low potentials and pH < 10.

Figure 1.7 E-pH diagram of Fe/H2O system at 25 °C.
However, dissolution can be accelerated by formation of Fe(II) complexes such as
FeOH+, Fe(HCO3)+, Fe(HCO3)2, and Fe(CO3)22-,28,

34

with FeCO3 (siderite) being the

thermodynamically anticipated corrosion product. In CO32- containing solutions with traces
of O2, green rust ([Fe(II)4Fe(III)2(OH)12]2+ [CO3 2H2O]2- ) can also form and can then be
further oxidized to either lepidocrocite (γ-FeOOH), akagenite (β-FeOOH), goethite (αFeOOH), or magnetite (Fe3O4) depending on temperature and the concentration of
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CO32-/HCO3-.35,36 Siderite is commonly the predominant corrosion product in anoxic
conditions but is known to form in competition with chukanovite (Fe2(OH)2CO3)37-39 Siderite
is known to be a major corrosion product on both archeological artefacts exposed to groundwater and on service pipelines.40, 41
Fe(OH)2 + HCO3- à H2O + FeCO3 + OH-

(1.8)

FeCO3 + HCO3- à H+ + 2Fe(CO3)22-

(1.9)

HCO3- can also accelerate Fe dissolution by supplying H+ which act as the cathodic reagent
by reduction to H2,
2HCO3- + 2e- à H2 + 2CO32-

(1.10)

Figure 1.8 Calculated Fe2+ and Fe3+ solubilities as a function of pH.43
The presence of carbonate in aerated conditions does not significantly affect the
corrosion rates due to the relative solubilities of Fe2+ and Fe3+ species.42 Figure 1.8 shows
the solubility of Fe2+ and Fe3+ as a function of pH.43 In aerated (oxidizing) conditions Fe2+ will
be further oxidized to the less soluble Fe3+ leading to the formation of FeIII oxides/oxy-
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hydroxides as opposed to siderite. These insoluble FeIII oxides are more able to inhibit
corrosion.
Chloride, a common groundwater anion, is known to cause localized corrosion
(pitting).44 According to the point defect model, the transport of ions through a surface oxide
occurs by the movement of microscopic defects. Chloride ions can interact with oxygen
vacancies (a region of excess positive charge) in the surface of an oxide leading to the
formation of new cation vacancies within the film. These vacancies migrate to the
metal/oxide interface, where they can be annihilated by the electrochemical formation of
metal cations. If the rate of formation of cation vacancies exceeds the rate of their
annihilation, the vacancies can condense at the metal oxide interface and cause delamination
or rupture of the film which in turn leads to localized corrosion.45
While chloride destabilizes passive oxides, in the case of Fe it can also promote the
formation of FeIII films in the presence of oxygen. Previous work has shown that anions such
as Cl- can act as a bridging ligand to promote the formation of FeIII oxides.46 In these cases,
Cl- has a dual role where it simultaneously promotes the formation of passive oxides while
promoting localized breakdown of the passive film.46 The presence of Cl- also influences the
Fe oxide/oxyhydroxide phases that form during corrosion. As the [Cl-]:[OH-] ratio changes,
different Fe oxides/oxyhydroxides can form as the predominant corrosion product. When
the ratio is between 1 – 1.11 there is insufficient Cl to promote the formation of FeCl2 over
Fe(OH)2. As seen from equation 5 Fe(OH)2 is a direct precursor to the formation of Fe3O4 in
anoxic conditions. Therefore, when Cl-/OH- < 1.11 either hydrated or non-stoichiometric
Fe3O4 is expected. When the ratio exceeds 1.11 a green rust (3 Fe(OH)2 Fe(OH)2Cl · H2O) can
form as an intermediate which then further oxidizes to γ-FeOOH.36
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1.7 Corrosion of Steel by Sulphides
Sulphides, bisulphides and polysulphides are aggressive ground-water anions and
lead to accelerated corrosion rates on most metals, including carbon steel. Sulphides can be
produced by different processes; (i) as a pollutant from industrial sources; (ii) microbial
conversion of SO42- by SO42- reducing bacteria; and (iii) decomposition of organic matter.47
Sulphide ions can react with Fe,
2Fe + 2HS- à 2FeS + H2

(1.11)

and interfere with the formation of Fe(OH)2. Typically, corrosion rates can increase from
0.16 µm/a to 2-5 mm/a in the presence of sulfate reducing bacteria.48, 49
Depending on pH, sulphide can exist as either H2S or SH- with SH- being the dominant
species above pH 8.50 In acidic solution H2S can act as the cathodic reagent in the corrosion
of Fe,
H2S + 2e- à S2- + H2

(1.12)

S2- + H2O à SH- + OH-

(1.13)

In neutral to alkaline solution, HS- may also act as the cathodic reagent leading to the
formation of H2. In addition, SH- adsorption on Fe could be an intermediate in the anodic
reaction,
Fe + SH- à FeSH-ads

(1.14)

In alkaline solution, OH- can displace SH- on the Fe surface and FeOHads would be the
dominant surface species leading to the formation of Fe oxides/hydroxides. Under less
alkaline conditions, SH- can compete with and displace OH- to form FeSH-ads, depending on
the ratio of [HS-] to [OH-]. It has been claimed that when this ratio exceeds 5, Fe sulphides
become the dominant corrosion product.51
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The FeSH-ads species then leads to the formation of highly insoluble FeS which may be non
stoichiometric52
Fe + SH-ads à Fe(SH)-ads

(1.15)

FeSH-ads à FeSHads+ + 2e-

(1.16)

FeSHads+ à FeS(1-x) + xSH- + (1-x) H+

(1.17)

Fe sulphides can form as either FeS, FeS2 or Fe3S4, with each having a number of crystal
structures. These structures include mackinawite (Fe1+xS (x = 0 to 0.07)) , pyrrhotite (Fe(1x)S (x = 0 to 0.2)), troilite (FeS) for FeS, pyrite and marcasite for FeS2, and greigite (Fe3S4) and

smythite (Fe3+xS4 (x = 0 to 0.3)) for Fe3S4.53 A Pourbaix diagram for the Fe/H2O/CO3-2/H2S
system, Figure 1.9, predicts that pyrrhotite is the stable phase at low potentials and pyrite at
more oxidizing potentials.53

Figure 1.9 E-pH diagram of Fe/H2O/CO32-/H2S system. [CO32-] = 0.2 M, [Fe2+] = 1 µM, [SH-]
= 1 µM.
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However, kinetically, mackinawite is the dominate FeS phase formed in aqueous
environments. Construction of a Pourbaix diagram for the Fe/H2O/CO32-/H2S system with
mackinawite as the only allowed iron sulphide phase, Figure 1.10 shows, it should be the
dominant phase at low potentials for pH > 8.54 The pressure and concentration of H2S and
CO32- and the dissolved concentration of Fe will determine the corrosion product formed.54
Whether or not an Fe sulphide film can inhibit corrosion will be dependent on its porosity.52
In basic solutions mackinawite can partially passivate steel, whereas at pH 6 to 7 it is more
porous.55,56 Compact sulphide phases such as troilite are corrosion resistant, whereas Fe
deficient phases such a pyrrhotite are unprotective.57, 58

Figure 1.10 E-pH diagram of meta-stable products of of Fe/H2O/CO32-/H2S system
(i.e., only mackinawite is included as a possible FeS phase).54
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Bourdoiseau et al. showed mackinawite can exist in; nanocrystalline, crystalline, and
partially oxidized forms.27 Each form exhibits a distinct Raman spectrum.59 Under anoxic
conditions, nanocrystalline mackinawite is most commonly formed, with crystalline
mackinawite subsequently forming on drying by ripening of the nano-crystals.59 If the
deposited nanocrystalline film remains wet and exposed to oxygen, it can further oxidize to
mackinawite containing both Fe(II) and Fe(III). Depending on the type of mackinawite, the
porosity of the corrosion product can change, leading to an influence on the corrosion rate.
Fe sulphides are interconvertible depending on the environmental conditions (Figure 1.11).
Under dry oxidation conditions mackinawite can transform into greigite (Fe3S4), and
elemental sulfur, magnetite or oxyhydroxides.60,61 In alkaline solution, nanocrystalline
mackinawite should be the dominant corrosion product when Na2S is in the concentration
range 10-5 M to 10-3 M.62 For greigite to form in anoxic solutions, the pH must be below 3 and

Figure 1.11 Possible interconversions between Iron Sulphides.62
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temperature > 70oC.64 Further, Fe oxides can be interconverted to Fe sulphides in the
presence of an aqueous environment containing bisulphide, or hydrogen sulphide.
Sulphide has the ability to convert Fe oxides into mackinawite, which, depending on
the physical properties, could lead to localized corrosion and pitting. Depending on the
nature of the FeIII the reduction of the film may occur through different pathways. If an Fe
oxide such as Fe2O3 (hematite) is present, it can be reduced to Fe2+ by sulphide, which will
oxidize to elemental sulfur (S).64
Fe2O3 + 3SH- + 2H2O à 2FeSH+ + S + 5OH-

(1.18)

The FeSH+ can then react via equation 16 to form mackinawite. FeSH+ species will
preferentially form at oxide defects leading to the nucleation of FeS.64 The protons that are
released at these sites will lead to localized acidity and the possibility of pitting.65 The
addition of sulphide to an aqueous Fe system will lead to rapid interconversion of Fe oxides
to Fe sulphides.62 If the FeIII species is present as an oxy-hydroxide, one proposed conversion
pathway is through the formation of a radical species and the dissolution of FeII species into
solution.65,66 This sequence of reaction steps is as follows (> indicates the species is In the
surface layer of the oxide/hydroxide): Formation of a surface sulphide complex; electron
transfer from S2- to the surface FeIII species leading to surface FeII and S. radical species;
release of the S._ radical and hydration of the charged surface; release of Fe2+ to solution and
the creation of a new surface site.66
>FeIIIOH + HS- à >FeIIIS- + H2O

(1.19)

>FeIIIS- à >FeIIS.

(1.20)

>FeIIS× + H2O à >FeII(OH)2+ + S.-

(1.21)

>FeII(OH)2 à new surface site + Fe2+ + H2O

(1.22)
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The dissolved Fe2+ will then react with SH- in solution to further precipitate FeS and the S.radical will reduce additional FeIII species to form sulfur species in higher oxidation states
(e.g., elemental S). The mechanism for the interconversion of Fe oxides to iron sulphides
remains debated within the literature.
1.8 Thesis Objective:
The primary goals of this thesis are:
•

To mechanistically understand the roles of different anions (OH- , SH- , HCO3-) on the
corrosion of carbon steel in anaerobic environments.

•

To understand the competing effects and synergistic effects of the above anions in the
corrosion of carbon steel.

•

To probe the role of steel microstructure in regard to crack initiation and crack
propagation

•

To understand the role of microstructure and surface oxides in the enhanced
dissolution of iron after hydrogen uptake.
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2
Electrochemical Theory, Techniques and Instrumentation
2.1 Electrochemical Cells
Two different types of electrochemical cells were used. The first cell was an 800 mL, three
compartment electrochemical cell, Figure 2.1. Electrochemical experiments such as cyclic
voltammetry, potentiodynamic polarization, galvanostatic polarization, corrosion potential
and linear polarization resistance measurements, and electrochemical impedance
spectroscopy (EIS) were all performed in this cell. The three-compartment arrangement is
used to separate, using dense glass frits, the solution in the working electrode (WE)
compartment from that in the reference electrode (RE) and counter electrode (CE)
compartments. A Luggin capillary was used to minimize the ohmic potential drop between
the reference and working electrodes. A Pt wire, spot welded to a Pt foil, was used as a CE
and a saturated calomel electrode (SCE) as the RE.
The second cell used was a Devanathan-Stachurski cell (DSC), Figure 2.2, which was
comprised of two, 3-compartment, 400 mL, electrochemical cells. This cell had a single WE
electrode located between the two cells. Each cell has its own CE (Pt) and RE (SCE). All
electrochemical experiments were carried out in a Faraday cage to minimize interference
from external noise. All electrochemical experiments were performed using either a
Solartron 1287, a Solartron 1284, a Solartron 1480 Multistat or a Solartron Modulab XM ECS.
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2
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3
4

Figure 2.1 Schematic of a three compartment electrochemical cell. RE: reference electrode; WE:
working electrode; CE: counter electrode; 1: gas dispersion tube; 2: gas bubbler. 3: luggin
capillary; 4: water jacket.
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Figure 2.2 Schematic of a Devanathan-Stachurski cell (DSC) WE: working electrode; CE:
counter electrode; RE: reference electrode; 1: gas dispersion tube; 2: gas bubbler; 3: luggin
capillary; 4: water jacket.
2.1.1 Solution Preparation
All solutions were prepared using Milli-Q type-1 water (18.2 MOhms) and sparged with Ar
(ultra high purity, Praxair) for 30 minutes prior to an experiment to ensure the solution was
de-aerated. Solutions were prepared using NaCl, NaHCO3, Na2CO3, Na2S depending on the
solution composition required. The pH was adjusted with H2SO4 for sulphide-containing
experiments and with HCl for non-sulphide containing experiments. All chemicals were
reagent grade and purchased from either Sigma Aldrich or Fischer Scientific.
2.2 Aqueous Corrosion
2.2.1 Thermodynamics:
Aqueous corrosion involves an electrochemical reaction at the interface of a material and an
aqueous environment. An electrochemical reaction involves the transfer of electrons
between two species. One species is oxidized (in a corrosive system, typically a metal)
! → !$% + '( )

(2.1)
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and one species is reduced.
*+ + ( ) ⇆ -(.

(2.2)

Combining these two half reactions yields the net, balanced reaction where charge must be
conserved,
! + *+ → !$% + -(.

(2.3)

In a corrosion system, both reactions 2.1 and 2.2 occur on the same surface, whereas in an
electrochemical system the half reactions occur on different surfaces.
The standard reduction potential for an electrochemical reaction Eo is related to the
Gibbs free energy (∆0 1 ) under standard conditions by
∆0 1 = −'45 1

(2.4)

Where F is Faraday’s constant (96485 C mol-1) and n is the number of electrons involved in
the reaction. When E > 0, ∆0 is negative and the forward reaction will occur spontaneously,
whereas when E < 0 the reverse reaction will occur spontaneously. The standard Gibbs free
energy can be expressed for non-standard conditions by
∆0 = ∆0 1 + -67ln :;< =

(2.5)

where R is the gas constant (8.131) kJ/mol, T is the temperature in Kelvin, and Keq is the
equilibrium constant. Equation 2.5 can be expressed for an electrochemical reaction by
combining it with equation 2.4 to yield
'45 ; = '45 1 − -67ln :;< =

(2.6)

which can be written
>?

5 ; = 5 1 − %@ 7ln :;< =

(2.7)

The equilibrium constant can be expressed as a function of the activities of the reduced
(AB;C ) and oxidized species (AB;C ), to yield the Nernst equation.1
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5; = 51 −

>?
%@

ln (

EFGH
EIJ

)

(2.8)

In corrosion science, the thermodynamics of the system can be summarized by using an EpH (Pourbaix) diagram, Figure 2.3 shows a potential-pH diagram for the H2O/Fe system.2 A
Pourbaix diagram plots potential vs pH for all possible reactions of a material in a specified
aqueous environment, and is then reduced to define the stable species as a function of
potential and pH. The water stability boundaries are represented by two dashed diagonal
lines, where the lower boundary correlates to the equilibrium potential for water reduction
(H2O/H2) and the upper boundary to that for water oxidization (H2O/O2). In a Pourbaix
diagram, a horizontal line represents an electrochemical reaction which does not involve
protons; e.g, a metal dissolution reaction. A vertical line represents a chemical equilibrium

Figure 2.3 E-pH diagram of Fe/H2O system at 25 °C. Solid lines show the
equilibrium boundaries between solids and soluble species and the dotted
lines the boundaries between soluble species.2
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which is not potential-dependent; e.g., a solubility equilibrium. Finally, a diagonal line
represents an electrochemical reaction, which will be dependent on both the potential and
the pH of the system.3 An example would be a reaction such as:
3Fe + 4H2O à Fe3O4 + 8H+ + 8e-

(2.9)

2.2.2 Kinetics
While an E-pH diagram summarizes the thermodynamically stable states, the kinetics will
dictate the reaction path followed in a corrosion reaction. For the electrochemical reaction
*+ + ( ) ⇆ -(.

(2.10)

The rate will be determined by the difference in the rates of the cathodic and anodic half
reaction. Chemical kinetics dictate that the forward and reverse reaction will be dependent
on the concentration of available oxidant or reductant at the electrode surface. Thus, the
cathodic reaction rate can be expressed as
LM = NM O1P (0, S)

(2.11)

at time t. A similar reaction rate equation can be written for the anodic reaction with a rate
constant ka. For an electrochemical reaction, the rate can be expressed in terms of a current
(e.g., for a cathodic reaction) by
T

U
LM = %@V

(2.12)

where ic is the cathodic current, A is the electrode area, n is the number of electrons involved
in the reaction, and F is Faraday’s constant. A similar rate equation can be written for the
anodic reaction. The net current, i, is then given by the difference in magnitude of the anodic
and cathodic currents
W%;X = WE − WM = '4Y[NE OB;C (0, S) − N[ O1P (0, S)]

(2.13)
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Since an electrochemical reaction involves electron transfer, the rate constant is potential
dependent and given by
NM = N 1 exp `−

a%@
>?

(5 − 5 ; )b

(c)a)%@

NE = N 1 exp `

>?

(2.14)

(5 − 5 ; )b

(2.15)

where ko is the standard rate constant and α is the transfer coefficient (~0.5 for a simple
symmetrical electron transfer reaction). Substituting equation 2.14 and 2.15 into equation
2.13 gives the reaction current,
W = '4YN 1 [OB;C (0, S) exp{

(c)a)%@
>?

(5 − 5 ; )} − O1P (0, S) exp{−

a%@
>?

(5 − 5 ; )}] (2.16)

Using the definition of the exchange current (io)1
∗(c)j) ∗a
W1 = '4YN 1 Cgh
OB;C

(2.17)

Where C* is the bulk concentration, the Butler-Volmer equation can be written as
W = Wk [

[FGH (k,X)
∗
[FGH

exp[

(c)a)%@
>?

l] −

[IJ (k,X)
∗
[IJ

exp[−

a%@
>?

l]]

(2.18)

where η is defined by η = E – Ee. This current-potential relationship can be broken down into
three regions, the linear region (where l is small and E approaches Ee, the Tafel region,
when E >> Ee, and the mass transport limited region.
In the linear and Tafel regions, the current-potential relationship is given by the
following relationship when C(0,t) = C*, i.e., there are no transport limitations,
(c)a)%@

W = Wk [exp [

>?

l] − exp [−

a%@
>?

l]]

(2.19)

When E is close to Ee (i.e., η, is small) the Butler-Volmer equation approximates to
%@

W = W1 >? l

(2.20)
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which has the form of Ohms law leading to the definition of the charge transfer resistance,
Rct,
-MX =

m
T

>?

= %@T

(2.21)

I

At a sufficiently high value of η one or other of the exponential terms in equation 2.18
becomes negligible. Which one depends on whether η is positive or negative. The ButlerVolmer equation can then be simplified as follows,4
a%@

log(WE ) = log(W1 ) + (p.r>?)l
(c)a)%@

log(WM ) = log(W1 ) − s

p.r>?

(2.22)
tl

(2.23)

A plot of log(i )vs l is known as a Tafel plot with the log of the current linearly dependent on
the overpotential (η), yielding values for the anodic and cathodic Tafel slopes given by3
uE = −

p.r>?
a%@

p.r>?

uM = (c)a)%@

(2.24)
(2.25)

A corrosion system requires the coupling of the half reactions from two different
electrochemical reactions. Each reaction is polarized away from its respective equilibrium
potential and coupled at the corrosion potential (Ecorr, Figure 2.4). If the equilibrium
potentials of the two electrochemical reactions are sufficiently separated, then at Ecorr, the
sole contribution to the total current will be the current for the material oxidation process
(commonly the metal dissolution reaction (M → Mn+ + ne-) and to the current for the
reduction of the oxidant (Ox + ne- → Red). At Ecorr the corrosion current cannot be measured,
since both half reactions occur on the same surface yielding currents equal in magnitude but
opposite in sign. This is the corrosion current (icorr) and no current flows in any external
measuring circuit,
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icorr = ia = - ic

(2.26)

Under these conditions no net measurable current flows in any external measuring circuit

Figure 2.4 Schematic showing the coupling of anodic and cathodic half reactions at the
corrosion potential, Ecorr.
Adding the exponential terms for the coupled anodic and cathodic reactions and
redefining the overpotential (η) as the difference between ECorr and an applied potential (E),
the Butler-Volmer equation for the two electrochemical reactions can be combined to yield
the Wagner-Traud equation.4
aw %@(x)xUIFF )

W = WM1BB vexp v

>?

y − exp v−

(aU )%@(x)xUIFF )
>?

yy

(2.27)

where αC and αA are the transfer coefficients for the respective half reactions. As with the
Butler-Volmer equation, for a sufficiently large applied E one or other of the exponential
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terms becomes negligible and the Wagner-Traud equation approximates to a Tafel
relationship; e.g., for a large enough anodic polarization,
aw %@(mz )

W = WM1BB vexp v

>?

(2.28)

yy

2.3 Electrochemical Techniques
2.3.1 Stearn-Geary Approximation (Linear Polarization Resistance Technique)
As noted above for the Butler-Volmer equation, for a sufficiently small applied overpotential
(η = Ecorr ± E) the Wagner-Traud equation can be linearized leading to the definition of the
polarization resistance, RP, for the corrosion reaction. In the linear polarization resistance
technique, RP is measured by applying a small perturbation around Ecorr (± 10mV or less)
and calculating the slope as illustrated schematically in Figure 2.5. When performing a linear
polarization resistance (LPR) measurement, the system must be at steady-state, and obey
the Wagner-Traud relationship.3

(Ecorr ± 10 mV)

Anodic
dissolution of
the metal

Ecorr

1
Δ&
=
"#
Δ'
Cathodic
reduction of the
oxidant

()→+

RP-1 proportional to the total
interfacial charge transfer rate

Figure 2.5 Schematic of the "linear" region near Ecorr which can be used to determine the
polarization resistance (RP).
Using an approximation of the Wagner-Traud equation (equation 2.26) for small
overpotentials the value of the polarization resistance (Rp) can be used to obtain a value of
icorr,
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where the anodic and cathodic Tafel slopes (βa and βc, respectively) are determined by
measurements made at higher applied E in a separate experiment. This value of corrosion
current can then be converted to a corrosion rate (Cr) in units more appropriate to evaluate
a loss of material with time,
~~

Ä

OB s B t = m @ Å ÇM1BB

(2.30)

where M is the atomic weight of the metal, or average atomic weight of an alloy, h is
the number of electrons, F is Faraday’s constant and r is the density of the metal.
2.3.2 Cyclic Voltammetry and Potentiodynamic Polarization
Potentiodynamic polarization (PDP) is an electrochemical technique in which a current
response is measured as a function of a scanned applied E, Figure 2.6a. The measured current
provides information on the electrochemical processes which can occur within the E range
scanned and a relative measure of their rates. In an anodic PDP scan, the applied E is scanned
from Einitial to Efinal where Einitial < Efinal. During the scan, both reduction and oxidation currents
can be measured. For two half reactions coupled around Ecorr (i.e., a corrosion reaction) the
current changes sign at Ecorr.

Potential

a
)

Potential
Efinal

b
)

Eswitch

Efinal
Einitial

Time

Einitial

Time

Figure 2.6 Schematic representation of E as a function of time for: a) potentiodynamic polarization,
and b) cyclic voltammetry experiments.
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Cyclic voltammetry (CV), Figure 6b, is a similar technique to PDP in which the E scan is
reversed at Efinal and the current recorded again as E is scanned back to Einitial. The current
response during the return scan can indicate whether the oxidations observed on the
forward scan were reversible or irreversible. Also, a CV can give information on the
mechanism of formation and the properties of films formed on the surface during the
forward scan.5
2.3.3. Rotating Disk Electrode
A Rotating Disk Electrode (RDE) can be used to control the mass-transport of soluble species
to and from an electrode surface during an electrochemical experiment. Mass-transport
within an electrochemical system can occur via migration, diffusion and convection and can
be described by the Nernst-Planck equation,
ÉT (+) = −

ÑÖ C[Ö (P)
CP

−

ÜÖ @
>?

áT OT

Cx(P)
C(P)

+ OT v(+)

(2.31)

where Ji(x) is the flux of species i at distance x from the electrode surface, Di is the diffusion
coefficient, âCi(x)/δx is the concentration gradient at distance x, δE(x)/ δ(x) is the E
gradient, zi is the charge on species i, Ci is the concentration of species I, and ν (x) is the fluid
velocity. The three terms on the right side of equation 2.31 represent the contributions to
transport
from diffusion, migration and convection, respectively. In an electrochemical
C*
i

experiment, the concentration of species reacting on the electrode is depleted compared to
the bulk solution concentration. If excess electrolyte is present, the E gradient will be
negligible and migration can be neglected. Thus, when the solution is stagnant, transport is
by diffusion only. The flux term for diffusion can be simplified using the Nernst diffusion
layer approximation in which the concentration gradient is assumed to be linear leading to
the definition of a diffusion layer thickness (δ),1
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ÉT =

ÑÖ
ä

[OT∗ − OT ]

(2.32)

where Ci is the concentration of the reacting species (i) at the electrode surface, Ci* is the
concentration in the bulk solution. In a stagnant solution, δ will increase with time (t1 < t2 <
t3) as shown schematically in Figure 2.7a, and the current will decay with a t-1/2 dependence,
as illustrated in Figure 2.7b. As shown in the figure, the t-1/2 dependence cannot be
maintained indefinitely since, even in stagnant solution, the current will be disturbed by
natural convection eventually when the current will become independent of time. The flux
of species i to the electrode surface can be increased by using an RDE to force convection to
occur. Under these conditions, diffusion is confined to a thin steady-state diffusion layer at
the electrode surface, with a thickness controlled by the electrode rotation rate,1
δ = (1.61)D1/3ω-1/2ν1/6

t1

t2

(2.33)

t3

Figure 2.7 a) Schematic showing an increase in diffusion layer thickness δ with time (t) in a
stagnant solution. b) The current response to a constant applied E with and without
convection at an RDE electrode.
where A is electrode surface area, ω is the angular rotation rate, and ν is the kinematic
viscosity. For a sufficient high ω the diffusion layer can be eliminated when Ci = Ci*.

42

All RDE experiments were controlled by a Pine Instrument Company Analytical
Rotator (Model AFA86 Serial 882)
2.3.4. Potentiostatic and Galvanostatic Polarization
Potentiostatic polarization is an electrochemical technique in which the E of an
electrode is held constant and the current recorded as a function of time. When the applied
E is set at a value more positive than Ecorr, the anodic reaction is accelerated and the current
response is a measure of the rate of metal dissolution and/or anodic film formation. A linear
log(i) vs log(t) plot with i decreasing indicates the growth and thickening of a surface film,
whereas a log(i) vs log(t) plot with a slope near 0 indicates the current attributable to the
steady-state dissolution of the metal. Film growth accompanied by dissolution would lead to
intermediate behavior. When the applied E is more negative than Ecorr, the current is a
measure of the rate of the cathodic reaction on the metal surface.
Galvanostatic polarization is an electrochemical technique where the applied current
is held constant and the change in E followed as a function of time. Using this technique the
extent of the anodic or cathodic reaction can be controlled and the extent of the reaction
easily calculated as a charge (Q = it).
2.3.5. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is a technique that can give information
about the evolution of a material surface in a corrosive environment with respect to time. In
EIS experiments a small AC E is applied to a system, typically ± 10 mV vs Ecorr in a corrosion
experiment and ± 10 mv vs Eapplied in an electrochemical experiment, with a DC applied E to
the system. The sinusoidal E is applied over a range of frequencies from 106 – 10-3 Hz and
the sinusoidal current response measured. A small E window is used to avoid perturbing the
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electrode surface and causing irreversible changes during a measurement. Depending on
the solution/electrode interface and the characteristics of the electrode surface the current
response will be at the same frequency, have a different amplitude and possibly a phase shift
(θ) that can either be fully or partially out of phase with the input signal, as seen in Figure
2.8. Impedance is the AC equivalent of resistance and describes the restriction to current
flow under the conditions of changing E,

Figure 2.8. Schematic of the perturbation of the applied E during an EIS experiment and the
resulting AC current response.
ã(å) = 5(å)/W(å)

(2.34)

where ω is angular frequency, and Z is the impedance.
Various electrical properties of the metal/corrosion product interface can be physically
represented by electrical circuit elements, such as capacitors, resistors, and inductors. The
total impedance of the system Ztot can be defined as the sum of the individual impedances of
the system, equation 2.34.
éX1X = éc + ép

(2.35)

For a single RC circuit in series the impedance is:
c

éX1X = - + èêM

(2.36)
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where R is the resistor and

c
èêM

represents a capacitor where j (j2 = -1) represents the 90°

phase shift.
When Z1 and Z2 are in parallel, Ztot can be defined as the sum of the reciprocals of the
impedances.
c
ëíIí

c

c

ì

î

=ë +ë

(2.37)

For a single RC circuit in parallel the impedance is given by
>

ê[> î

é(å) = sc$êî [ î >ît − ï sc$êî [ î >î t

(2.38)

where the first term represents the in-phase component and the second term represents the
out-of-phase component.
The most basic EIS circuit for a corroding system involves the resistance of the solution (Rs),
and the capacitance of the double layer (Cdl) in parallel with the charge-transfer resistance
(Rct) of the corroding surface. The impedance measured in an EIS experiment can be plotted
in two different forms, either a Nyquist plot or a Bode plot. A Nyquist plot is a plot of Zreal vs
Zimaginary and is typically used to determine Rs and Rtotal of the system. A disadvantage of a
Nyquist plot is that the information recorded at high frequencies is obscured. For a Nyquist
plot the distance between the y-axis and the first x-intercept yields a value of Rs, while the
second x-intercept gives Rtotal for the simple circuit discussed here. Plotting the data in the
Bode format results in plots of log|Z| vs log(å) and ñ vs log(å). For the simple circuit
considered here the log|Z| vs log(å) plot has a frequency-independent component which
represents a resistive response and a frequency-dependent component which includes a
capacitive response. The ñ vs log(å) plot yields information about the number of time
constants present ( t = RC) in the impedance spectrum, and the frequency range within
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which they respond.6 Figure 2.9 shows a Nyquist plot and the equivalent Bode plots for the
simple circuit considered here.

Figure 2.9 Graphical representation of the impedance obtained in an EIS experiment with a
single RC component (Cdl, Rct) a) Nyquist plot, b) Bode plots.
2.3.6. Devanathan-Stachurski Technique
The Devanathan-Stachurski technique (DST) is used to measure the flux of atomic hydrogen
across a semi-permeable membrane, in the present case, steel. Water is reduced to H in the
reduction side of the cell with some of the atomic H subsequently absorbed into, and
transported through, the membrane to the oxidation cell where it is reoxidized into H2. The
remaining H leads to the evolution of molecular H2 on the reduction side of the cell. In the
DST there is no E drop across the membrane (Figure 2.10) and H transport occurs via
diffusion along the concentration gradient established through the membrane (Figure 2.11).
This enables the measurement of the diffusivity coefficient of H through the steel. To avoid
interferences to the measurement from oxide formation, a 1 μm layer of Pd is sputtered on
to the steel surface on the oxidation side of the cell. Pd has a high diffusivity coefficient for H
and a 1μm layer does not meaningfully interfere with the measurements.7
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Using the DST it is possible to calculate the effective H diffusivity (cm2/s) (Deff), the
concentration of trapped H (mol/cm3) (CT), the H solubility (mol/cm3) (CH) and the density
of H trap sites (Nt) using the following equations8
òî
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(2.39)
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Figure 10. Representation of the electrochemical potential across the membrane in a D-S cell.
where L is the thickness (cm), Tlag is t = 0.63 x steady-state current (s), n is the number of
electrons, iss is the steady state current density measured in the experiment, and Di is the
lattice diffusion coefficient (2.75x10-6 cm2/s).9
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Figure 2.11. Representation of the concentration gradient of H across a metal membrane in a
D-S cell, where J is the flux of hydrogen across the membrane, Cs is the hydrogen concentration
at the surface.

2.4 Surface Analytical Techniques:
Samples that were prepared in anoxic environments for surface analysis were rinsed with
Ar sparged water in anoxic environments and dried overnight. Samples were then
transferred from the anoxic environment to the X-ray photoelectron spectrometer under
vacuum. Samples were placed into the spectrometer via a glovebag that was sparged with Ar
for 1.5 hours to minimize any exposure to oxygen. Samples were then exposed to air for
subsequent analysis for Raman spectroscopy and scanning electron microscopy.
2.4.1 Scanning Electron Microscopy
Scanning electron microscopy is an analytical technique used to investigate surface
morphology and topology. A primary, high energy electron beam is directed towards the
surface using magnetic condenser-objective lenses to focus the electron beam to 2.5 nm -
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2000 nm. The beam diameter dictates the spatial resolution of the microscope, which cannot
exceed the beam diameter; typically 10nm. The electron beam is rastered across the surface
to obtain the morphology of a set area. Once the electron beam interacts with the specimen
the irradiated zone emits different types of electrons and radiation such as secondary, backscattered, and Auger electrons, as well as light, and characteristic x-rays. Figure 2.12
summarizes the types of electrons and x-rays that can be emitted when a sample is
bombarded with an electron beam or x-rays.10 Secondary electrons are formed by the
incident beam causing inelastic scattering events and are typically used to obtain surface
morphology and topological information. In order for a secondary electron to escape, the
transferred energy must exceed the work function of the sample. Due to the low energy of
inelastic collisions, only surface secondary electrons or near-surface secondary electrons can
escape the irradiated zone facilitating a surface sensitive analysis.11

Figure 2.12. Diagram illustrating the types and relative depths of x-rays and
electrons emitted after bombardment of a surface with an electron beam or
x-ray source.
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2.4.2 Energy Dispersive X-ray Spectroscopy
Energy-dispersive X-ray spectroscopy (EDX) uses the characteristic x-rays emitted from a
sample that has been irradiated with an electron gun to obtain chemical information. When
the incident beam collides with an inner shell electron, that electron is emitted leaving
behind a vacancy. An electron from a higher orbital can then relax to fill that vacancy, a
process accompanied by the emission of a characteristic x-ray. The x-ray energy is the
difference between the binding energy of the upper and lower orbitals. For this reason, a
single element may have many characteristic x-rays depending on the energy of the incident
beam and the level from which the electron is emitted.11
SEM/EDX analyses were carried out using either an Hitachi SU3500 Variable
Pressure SEM combined with an Oxford AZtec X-Max50 SDD X-ray analyzer or an Hitachi S4500 field emission SEM with a Quartz PCI XOne SSD X-ray analyzer. All SEM/EDX analyses
were carried out using an accelerating voltage of 1-10 keV.
2.4.3 Electron Backscatter Diffraction
Electron backscatter diffraction (EBSD) is a supplemental characterization technique to SEM
and allows the collection of detailed information on grain orientation/misorientation, stress,
and texture. Using EBSD a backscatter Kikuchi pattern is generated, which, unlike single
crystal diffraction spots, produces bright bands. These bands will intersect and form distinct
zone axes which are related to grain orientation. Each band correlates to a specific Miller
indice of the diffracting plane. The width of each Kikuchi band is related to the interplanar
spacing dhkl of the crystal lattice in accordance with Braggs law,
2.¢£§ •W'ñ¢£§ = ¶'

(2.43)
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where n is the order of reflection, ñ¢£§ is the Bragg angle, and ¶ is the wavelength of the
incident electron beam. The wavelength of the electron beam is dependent on its
accelerating voltage, and therefore causes band broadening at low accelerating voltages
which may cause indexing issues to arise. Indexing is based on measured inter-planar angles
and spacing which are then correlated to theoretical values for a crystal structure. Typically,
for highly ordered symmetry structures, 3 {hkl} bands are necessary to solve a Kikuchi
pattern and index the point. When sufficient points are indexed in an EBSD map,
metallographic properties can be deduced.12
EBSD experiments were performed on an Hitachi SU-6600 variable-pressure, fieldemission-gun scanning electron microscope and data was worked up using HKL software.
2.4.4 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface analytical technique used to investigate
the chemical composition of the top 5-10 nm of a surface. XPS is a unique technique as it not
only gives chemical composition but can determine elemental oxidation states and local
bonding. During XPS a surface is irradiated using soft x-rays which cause the ejection of an
electron from the sample. The measured binding energy is dependent on the photon energy,
the energy of the electron emitted and the spectrometer work function.
5ß; = 5{¢1X1% − (5£T%;XTM + ®)

(2.44)

where Ebe is the binding energy of the electron, Ephoton is the energy of the incident x-ray
photons, Ekinetic is the energy of the emitted electron and φ is the work function of the
spectrometer. Core binding energies are determined by electrostatic interactions between
the nucleus and the electron. An increase in oxidation state will cause the binding energy to
increase due to extra coulombic interactions, whereas, a change in local chemistry will cause
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the binding energy to increase or decrease due to electrostatic shielding of the nucleus. An
XPS spectrum will have multiple peaks per atom due to the differences in binding energies
of each electron orbital.13
XPS experiments were performed on a Kratos AXIS Ultra Spectrometer using a
monochromatic Al Kα (15mA, 14 kV) radiation source (hν = 1486.6 eV). The Au 4f7/2 metallic
Au binding energy (83.95 eV) was used as a reference point for calibration of the instrument
work function. When required, charge correction was carried out by setting the C-C peak in
the C 1s spectrum to 284.8 eV.
2.4.5 Secondary Ion Mass Spectroscopy
Secondary Ion Mass Spectroscopy (SIMS) is a surface analytical technique with a high
sensitivity (< ppm). In SIMS the material surface is bombarded with high energy ions which
lead to the ejection of ionized atoms, and molecules. SIMS has two principle variants, static
SIMS and dynamic SIMS. Static SIMS is highly surface sensitive as it determines composition
at a sub-monolayer level. A low ion flux is used to minimize perturbation of the material
surface and obtain molecular composition. Typically, static SIMS uses a time-of-flight mass
spectrometer to achieve higher sensitivity and mass resolution. A static SIMS can be coupled
to an ion gun in order to sputter the surface and obtain a chemical composition as a function
of sputter rate (depth). In dynamic SIMS, the surface is continuously bombarded by an ion
gun while measuring the SIMS spectra in order to create a depth profile. Typically, dynamic
SIMS can analyze to deeper depths than a static SIMS coupled to an ion gun.13
Dynamic SIMS experiments were carried out using a Cameca IMS-3f ion microscope
using Cs+ and O+ ion sources for sputtering
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2.4.6 Raman Spectroscopy
Raman spectroscopy is an analytical technique which studies the vibrational modes of a
molecule. When used to analyze surfaces the material surface is irradiated with photons,
with an energy that correlates to the visible light region. The electrons in the ground state
are excited to a virtual electronic state. Excited electrons can relax to either a) their ground
state to give Rayleigh scattering, b) to a higher energy state, which gives a Stokes shift, or c)
to a lower energy state which gives an anti-Stokes shift. In order for a vibrational mode of a
molecule to be Raman active, it must have a non-zero derivative of the polarizability. From
an irreducible representation, the tensors that define polarizability are x2, y2, z2, xy, xz, yz. In
order for a vibrational mode to be Raman-active there must be a change in any tensor during
a vibration. These polarizability tensors can be expressed as a matrix.
APP
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™T%C(´)
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(2.46)

where µind is the dipole moment, and E is the field strength of the radiation. Typically, the
more polarizable a molecule is, which is due to molecular size or electrostatics, the larger the
induced dipole moment and the more intense the Raman bands.14
All Raman experiments were performed on a Renishaw InVia Reflex Raman
Spectrometer with a laser wavelength of 514nm and 1800 and l/mm grating.
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3
The Influence of Sulphide and Bicarbonate/Carbonate on the Electrochemistry of
Carbon Steel in Slightly Alkaline Solutions
3.1 Introduction
Internal and external corrosion, of transmission pipelines, are costly issues in the oil
and gas industry. Internal corrosion is dictated by the composition of the (gas or oil) being
transported, which can lead to acidic, sweet, or sour corrosion.1 External corrosion remains
an ongoing concern for the structural integrity of Canadian pipelines,2 with corrosion
generally occurring when pipeline coatings disbond, exposing steel to groundwater and
shielding it from cathodic protection. Ground-waters to which pipelines will be exposed are
commonly near neutral to slightly alkaline and contain HCO3-/CO32-, SO42- and Cl-. When
anaerobic conditions prevail, the steel becomes susceptible to microbially-induced corrosion
(MIC) when sulphate-reducing bacteria (SRB), organisms commonly encountered in the soils
surrounding the buried pipelines, are present. SRBs are facultative anaerobes that utilize
SO42- as a terminal electron acceptor during energy generation, to produce SH- as a byproduct
of the cathodic reaction3
SO42- + 9H+ + 8e- → SH- + 4H2O

(3.1)

Recent studies on the corrosion products formed electrochemically on carbon steel
in the slightly alkaline groundwaters anticipated to contact pipelines show magnetite
(Fe3O4) and maghemite (γ-Fe2O3) to be the kinetically-favoured oxides formed between -800
mV (vs. SCE) and -600 mV (vs SCE) and at potentials > -500 mV (vs. SCE), respectively.4,5
When additional anions are present considerably more complex behavior is anticipated with
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possible corrosion products including various Fe(II)-based carbonate compounds as well as
CO32- , SO42-, and Cl- containing green rusts.6-9 In addition various studies have attempted to
determine the relative influence of anions on the kinetics of the anodic reactions occurring
on the steel.10-13
The SH- produced by MIC is aggressive and can accelerate corrosion of the steel. When
SH- is present iron sulphides become the dominant corrosion product with the composition
and protective nature of the product dependent on pH, temperature, dissolved Fe
concentration and sulphide concentration ([SH-]).14 At low pH (< 2) Fe undergoes active
dissolution and iron sulphides are only formed when high concentrations of dissolved Fe are
present.14, 15,16 At higher pH values, but < 7, the initial film formed is mackinawite (FeS1-x: 0 <
x < 0.11) which can lead to the suppression of corrosion by transformation into more
compact iron sulphide phases such as troilite (FeS)15, 17 and pyrrhotite (Fe1-xS: 0 < x < 0.2).14
The concentration of SH- is also important in determining the protectiveness of the
iron sulphide film, with films formed at lower sulphide concentrations being more protective
than those formed at higher concentrations.18 In alkaline solutions, mackinawite is the phase
commonly observed and can remain protective providing it remains intact and does not
fracture.19, 20 It has also been reported that mackinawite formation can lead to pitting in
alkaline solutions possibly due to a competition between oxide and sulphide film
formation.19-22
In this study the role of SH- and HCO3-/CO32- on the formation of oxide and sulphide
films in near-neutral to alkaline conditions has been studied using electrochemical and
surface analytical techniques. The primary goal of the study was to determine the relative
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influence of these two anions in controlling the formation of iron oxides and sulphides over
the pH range from 8 to 10, the likely range to be encountered on the external surfaces of
Canadian oil and gas pipelines. 19, 20, 23, 24
3.2 Experimental
3.2.1 Materials and Electrode Preparation
Experiments were performed using A516 Gr 70 carbon steel (0.23 C; 1.11 Mn; 0.007
P; 0.010 S; 0.26 Si; 0.01 Cu; 0.01 Ni; 0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O ( μg g-1))
rotating disk electrodes (RDE). The RDE was fixed in a Teflon holder using epoxy resin, with
the back threaded with a stainless-steel rod to provide contact to external circuitry. For static
experiments, the electrode was set into epoxy resin and the stainless-steel shaft covered with
Teflon shrink tubing. The exposed electrode surface area was 0.785 cm2 for both RDE and
static electrodes. Prior to an experiment the surface was polished with SiC papers with grit
sizes up to p1200. Each electrode was rinsed with Type 1 water (resistivity of 18.2 MΩ.cm)
and dried using Ar. Prior to an experiment, all electrodes were cathodically cleaned for 1
minute (to remove air-formed oxide) at -1.3 V vs SCE and -1.1 V vs. SCE (to allow the
detachment of cathodically formed H2 bubbles).
3.2.2 Solution Preparation
Solutions were prepared with Type 1 water, using reagent grade chemicals (Na2S
Sigma Aldrich: Na2CO3 and NaHCO3 from Caledon Laboratories). Two 1 L flasks were used to
prepare solutions. The first volumetric flask, in which an SH- solution was to be prepared,
was first Ar sparged for 45 minutes to remove O2 and prevent oxidization of SH- to SO42-. The
carbonate solution was prepared in the second 1 L flask, poured into the electrochemical cell
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and Ar sparged for 45 minutes prior to the addition of SH-. All experiments were carried out
at pH values in the range of 8 to 10, with the pH adjusted using H2SO4. A base electrolyte
solution (0.1 M Na2CO3 and 0.1 M NaHCO3) was used in all experiments and [SH-] varied from
10-6 M to 10-3 M. All cyclic voltammograms, potentiodynamic scans, and potentiostatic
experiments were run in deareated conditions, achieved by continuously purging with Ar.
3.2.3 Electrochemical Setup & Techniques
All experiments were carried out in a standard three-electrode electrochemical glass cell,
with a Pt sheet as the counter electrode and a standard calomel reference electrode (SCE
(0.242 V vs. SHE)). The rotation rate of the RDE working electrode was controlled by a Pine
Instrument Company Analytical Rotator Model AFA86 Serial 882 and electrochemical
measurements were performed using a 1287 Solartron Potentiostat or a 1480 Solartron
MultiStat. CorrWare software was used to control experiments and to collect electrochemical
data.
Cyclic voltammetry experiments commenced at -1.1 V vs. SCE with the potential
scanned at 7 mV/s to either -0.4 V or -0.3 V (vs SCE). Potentiostatic experiments were
performed at a potential of -0.55 V (vs SCE) for 1 hour. Potentiodynamic scans (PDS) were
carried out in an anaerobic chamber. The potential was scanned from -1.1 V (vs SCE) to -0.4
V (vs SCE) at a scan rate of 1.95 mV/s. The surfaces of the steel electrodes after PDS
experiments were analyzed by scanning electron microscopy (SEM), X-ray photoelectron
(XPS) and Raman spectroscopy. To minimize atmospheric exposure, the electrochemical cell
was placed in a glovebox before the electrode was extracted. Samples were transferred from
the glovebox to the spectrometer (for XPS) in an Ar sparged (1.5 hours) glovebag via a
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vacuum transfer vessel. Afterwards samples were briefly exposed to air prior to SEM and
Raman spectroscopy.
3.2.4 Surface Analytical Techniques
3.2.4.1 X-ray Photoelectron Spectroscopy (XPS)
XPS experiments were conducted on a Kratos AXIS Ultra Spectrometer using a
monochromatic Al Kα (15 mA, 14 kV) radiation source (hν = 1486.6 eV). The Au 4f7/2 metallic
Au binding energy (83.95 eV) was used as a reference point for calibration of the instrument
work function. When required, spectra were corrected for charging by setting the C-C peak
in the C 1s spectrum to 284.8 eV. Survey spectra and high-resolution spectra were recorded
for the Fe 2p, S 2p, C 1s, and O 1s spectral regions. Spectra were analyzed using CasaXPS®
software which incorporated a Shirley background correction.
3.2.4.2 Scanning Electron Microscopy and Elemental Analysis (SEM/EDX)
Scanning Electron Microscopy/Energy Dispersive X-Ray analyses (SEM/EDX) were
carried out using a Hitachi SU3500 Variable Pressure SEM combined with an Oxford Aztec
X-Max50 SDD X-ray analyzer. All SEM/EDX analyses were carried out using an accelerating
voltage of 1keV or 10 keV.
3.2.4.3 Raman Spectroscopy
Raman spectra were obtained using a Renishaw 2000 Raman spectrometer equipped
with a 633 nm He-Ne laser and an Olympus microscope. Images were collected using a 50×
uncoated objective lens with the beam focused to a diameter of ~2 µm. The power of the
laser beam at the sample surface was kept to 1% to avoid laser heating effects. All spectra
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were calibrated against the 520.5 cm-1 peak of Si. GRAMS 386 Raman software was used both
to collect and manipulate the spectra.
3 Results and Discussion
3.1 Effect of HCO3-/CO32- in the Absence of SHFigure 3.1 shows CVs recorded in HCO3-/CO32-solutions at pH 8, 9 and 10. Based on
published information, three potential regions, numbered in the figure, can be defined.13 A
shallow oxidation process is observed in the potential range -0.92V to -0.75V (depending on
pH), involving the formation of an FeI surface intermediate and leading to the formation of
Fe(OH)2.25,26
Fe + OH- → FeOH-ads

(3.2)

FeOH-ads → FeOHads + e-

(3.3)

FeOHads → FeOH+ads + e-

(3.4)

FeOH+ads + OH- → Fe(OH)2

(3.5)

In region 2 (~ -0.8V to ~ -0.6V (vs SCE)) (depending on pH) the increased current can be
attributed to the dissolution of Fe2+ by complexation with HCO3-.25,26
Fe(OH)2 + HCO3- → FeHCO3+ + 2OH-

(3.6)

Although it is possible HCO3- displaces OH- in surface coordinated species prior to
dissolution. In region 3 the current decreases due to the formation of an FeIII containing oxide
expected to passivate the steel.5 Over the pH range investigated, the solubilities of Fe2+ and
Fe3+ respond inversely, that of Fe2+ decreasing while that of Fe3+ increases, from pH 8 to pH
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10.5 The balance between these two contrasting influences leads to a slightly increased
current in region 3 as the pH decreases. That the FeIIIoxide is slightly less passivating at pH
= 8 is demonstrated by the increased current indicating film breakdown when the positive
potential limit is extended to -0.3V. Although not shown, such a breakdown is not observed
at the two higher pH values.
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Figure 3.1 Cyclic voltammograms recorded on carbon steel in a 0.2 M CO3 /HCO3 solution from -1.1
V to various anodic limits at a scan rate of 7 mV/s: Horizontal dashed lines indicate the baseline for
each CV. Vertical dashed lines indicate regions 1, 2 and 3. Arrows indicate the scan directions.
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3.3.2 The Effect of SHAll CVs that were performed in this study were determined to be reproducible by conducting
multiple experiments at selected pH’s and [SH-]. Figure 3.2 shows the influence of a small
addition of SH- (10-5M) has a very marked effect on the electrochemical behaviour. Regions
1, 2 and 3 correspond to those defined in Figure 3.1. In region 1, any influence on the
behaviour appears marginal although the suppression of the negative current at E < -1.0V
indicates an inhibition of H2O reduction (to H2) when SH- is introduced. The current in region
2 is markedly increased suggesting a catalytic role of SH- in the anodic dissolution process. A
possible sequence of reactions would start with the partial displacement of OH-ads by SH-,
SH- + FeOH-ads → FeSH-ads + OH-

(3.7)

followed by Fe oxidation and dissolution as FeHCO3+,
FeSH-ads → FeSHads + e-

(3.8)

FeSHads + HCO3- → FeHCO3+ + SH- + e-

(3.9)

In region 3 the current decrease can be attributed to the transformation of Fe(OH)2 to Fe3O4
followed by a further potential-dependent transformation to γ-Fe2O3.
Fe(OH)2 → Fe3O4 → γ-Fe2O3

(3.10)

According to Buchler et al.27 the composition of the passive film can be considered to be
FeII1-xFeIII2O4-x with x increasing as the applied potential is increased. Such a gradual
transition between Fe3O4 (x = 0) and γ-Fe2O3 (x = 1) is feasible since both oxides exhibit a
cubic oxygen lattice.28
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Figure 3.2 Cyclic voltammograms recorded on carbon steel in a 0.2 M CO3
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/HCO3 solution (pH 10) from -1.1 V to -0.4 V at a scan rate of 7 mV/s (blue); 0.2
2-

-

-5

-

M CO3 /HCO3 , pH 10, 10 M [SH ], from -1.1 V to -0.4 V at a scan rate of 7 mV/s
(orange). Horizontal dashed lines indicate the baselines. Arrows indicate
direction of the scan.

The oxide transformation sequence (reaction 3.10) to yield a passivating γ-Fe2O3 layer is
arrested leading to a large anodic peak (region 4) before passivation is re-enforced in region
5. FeIII oxides and oxy-hydroxides have been shown to be unstable in the presence of SH- with
the reaction proceeding as a surface-controlled process involving the adsorption of SH- at
FeIII on the oxide surface sites,29, 30
FeIII + SH- → FeIIIS-ads + H+

(3.11)
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leading to electron transfer to yield an FeII surface radical species
FeIIIS-ads → FeIIS•

(3.12)

followed by release of Fe2+ and the S•- radical, with Fe2+ release facilitated by HCO3complexation in the present case,
FeIIS• + HCO-3 → FeHCO3+ + S•-

(3.13)

The S•- then reacts further with FeIII surface sites leading to more oxidized S species such as
elemental S although further oxidation, eventually to SO42-, has been claimed29
S•- + 7FeIII → SO42- + 7Fe2+

(3.14)

Assuming SH- oxidation only proceeds to S, the overall reaction for γ-Fe2O3 can be written
γ-Fe2O3 + 3SH- + 2H2O → 2FeSH+ + S + 5OH-

(3.15)

Since this sequence of reactions is chemical not electrochemical, the revived current in
region 6 (Figure 3.2) must be attributed to the further anodic oxidation of the steel substrate
re-exposed by the removal of the anodically forming γ-Fe2O3 layer. This reaction would
proceed by the re-adsorption of SH- to yield FeSH-ads and the re-occurrence of reactions 8
and 9. In the presence of a significant [SH-], dissolved FeHCO3+ would rapidly form insoluble
FeS
FeHCO3+ + SH- → FeS + HCO3- + H+

(3.15)

leading to the deposition of FeS on the activated surface and a decrease in the local pH. The
formation of an FeS surface film would account for the reduction process in region 7 on the
reverse voltammetric scan. The close equivalence of the charges associated with peaks 4 and
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7 indicates that a large majority of the Fe2+ produced anodically in region 4 is deposited as
FeS which is then subsequently reduced in region 7.
The possibility that the FeS layer leads to the passivation of the steel indicated by the
decrease in current in region 5 can be dismissed since a reactivation of the steel is observed
on the reverse scan in region 6 prior to the removal of the FeS deposit in region 7. This
indicates that passivation is enforced by the enhancement of the oxide transformation
sequence (3.10) when the potential is increased into region 5. As the potential is increased,
the rate of formation of FeIII (as oxide) will be increased while the rate of its chemical
reduction by SH- will be uninfluenced by potential. On the reverse scan, the decreased rate
of FeIII formation eventually cannot compensate for its chemical destruction by the overall
reaction 3.15, and active conditions are reestablished in region 6. The inability of the
deposited FeS to enforce passivation of the surface is consistent with expectations for
sulphide films. Similar studies on copper showed sulphide films to be porous and not
passive.31
Figure 3.3 shows CVs recorded at the three pH values in solutions containing different [SH-].
At pH = 10, Figure 3.3(a), the anodic regions (defined in Figure 3.2) are distinct at the two
lower [SH-]. At [SH-] = 10-3 M, the current decrease associated with region 3 is not observed.
The increased current in region 2 could be due to the extensive displacement of OH-ads by
SH-ads on the steel surface leading to accelerated dissolution of Fe2+ via the reaction sequence
3.8 and 3.9, and possibly the deposition of FeS if local Fe2+ concentrations are high enough.
The disappearance of the distinct separation of anodic peaks 2 and 4 is consistent with an
increase in the rate of chemical reduction of FeIII via the reaction sequence 3.11 to 3.14 which
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would be expected to be strongly dependent on [SH-] and to commence as soon as FeIII
surface states begin to form. Despite this enhanced reaction rate, passivation due to the
formation of FeIII oxide is re-enforced at sufficiently positive potentials. This is to be expected
since calculations of the dominant solution species show Fe2+ hydroxyl complexes
(Fe(OH)3-) would be dominant for pH > 9.32 While the extent of Fe2+ formation increases with
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Figure 3.3 Cyclic voltammograms recorded on carbon steel in a 0.2M CO32-/HCO3-solution from 1.1V to either -0.4V or -0.3V at a scan rate of 7 mV/s for various [SH-]: (a) pH 10; (b) pH 9; (c) pH 8.
Horizontal dashed lines indicate the baseline. Arrows show the scan direction.
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[SH-], as indicated by the increased anodic charge associated with the potential region
encompassing peaks 2 and 4, the peak for the reduction of FeS (7) decreases in size. This
indicates that the FeS, which forms due to the production of Fe2+, is likely precipitated as
detached particulates and hence not completely electrochemically-detectable on the reverse
scan.
Although passivity is enforced, the current in the passive region 5 (defined in Figure
3.2) increased as [SH-] increased. This behaviour is consistent with a competition between
the electrochemical formation of a passivating FeIII oxide and its destruction by chemical
reaction with SH-. To determine whether this would lead to the eventual breakdown of the
passive oxide, the scans at the two higher [SH-] were extended to -0.3 V vs SCE. A minor
anodic oxidation coupled to a cathodic reduction on the reverse scan is observed in the
potential range -0.4V to -0.3V. Present understanding is that the oxide transformation,
reaction (9), leads to a bilayer consisting of inner Fe3O4 and outer γ-Fe2O3 layers.33-35
Consequently, the anodic process occurring in this potential region can be attributed to the
conversion of the inner Fe3O4 layer to γ-FeOOH, a process which leads to the development of
stresses in the oxide5 and the breakdown of the film when aggressive anions are present.36
While the enhanced anodic current does not lead to a major film breakdown, the
observation of a slight negative current on the reverse scan demonstrates the presence of
reducible oxidized species formed on the forward scan. Since the film restructuring has been
attributed to the conversion of an Fe3O4 sublayer, the reduction of the FeIII states formed
electrochemically will be retained at the electrode surface allowing them to be reduced on
the reverse scan.
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The increase in anodic current in region 2 for reactions 3.8 and 3.9 would be expected
to lead to an increase in the deposition of FeS via reaction 3.16. However, the peak for the
reduction of FeS in region 7 decreases as the anodic current increases. This suggests that the
FeS, which would inevitably have formed, does not collect on the steel surface in a
morphology which enables the electron transfer for its cathodic reduction. That reducible
FeS is collected when formed at low [SH-] (Figures 3.2 and 3.3(a)) but not at high [SH-]
suggests a change in either the mechanism of FeS formation or in the morphology of the FeS
surface deposit.
At the two lower pH values the separation between the two anodic processes in
regions 2 and 4 is less readily distinguished and a major film breakdown is observed when
the potential is scanned into region 5 where conversion of the inner Fe3O4 layer of the
passive oxide occurs, Figure 3.3(b) and 3.3(c). Both of these features, in particular the
breakdown as a consequence of film conversion, are facilitated by the loss of buffering
capacity by the HCO3-/CO32- couple for which pKa = 10.3. As a consequence, the destruction
of oxide by reaction with SH-, which leads to the production of protons, reaction 11, will
cause a decrease in pH facilitating oxide film breakdown in region 5. In this potential region
the direct anodic formation of soluble Fe3+ and its hydrolysis to Fe(OH)x(3-x)- could also occur
enhancing local acidity and inhibiting passive film formation. As observed at pH = 10, the
peak for FeS reduction in region 7 decreases as [SH-] increases and the current for Fe2+
formation increases.
3.3.3 Influence of Electrode Rotation
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Figure 3.4 shows the influence of electrode rotation rate on the current values associated
with the anodic peaks in regions 2 and 4 (Figure 3.2) as a function of [SH-] at pH= 10. The
data set is confined to [SH-] < 10-4 M when the current peaks in these regions can be
distinguished. Under stagnant conditions, the current associated with reactions in region 2
(labelled peak 2 in the figure) is only marginally influenced at [SH-] ≤ 5 x 10-6 M but increases
markedly over the higher concentration range up to ~ 2 x 10-5 M beyond which the current
stabilizes. This behaviour indicates a minimal influence of SH- at low [SH-] followed by the
displacement of OH-ads by SH-ads as [SH-] is increased, leading to the onset of sulphidecatalyzed anodic dissolution via reactions 8 and 9. When the electrode is rotated, the current
in the low [SH-] range increases markedly demonstrating that the displacement of OH-ads by
SH-ads is controlled by the flux of SH- to the steel surface. Since the pH is close to the pKa for
the HCO3-/CO32- equilibrium and [CO3]tot (= [HCO3-] + [CO32-]) >> [SH-], the flux of HCO3-/CO32would not be expected to have a significant influence on the anodic current.

Figure 3.4 Current values measured on carbon steel for peak 2 and peak 4 in cyclic voltammograms
recorded at 0 Hz and 10 Hz in a 0.2 M HCO3-/CO32-solution (pH 10) as a function of [SH-].
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The current associated with region 4 (labelled peak 4 in the figure) increases linearly
with [SH-] indicating a dependence on [SH-] consistent with the expectations for the chemical
reaction sequence 3.11 to 3.13. For [SH-] ≥ 10-5 M the current becomes independent of [SH-]
suggesting the overall rate of reactions 3.11 to 3.13 becomes controlled by other processes
such as the rate of development of the passivating γ-Fe2O3 layer. The influence of electrode
rotation rate at low [SH-] shows the reaction exhibits partial control by SH- transport.
At the lower pH values (8 and 9), when pH << pKa, the influence of rotation rate is to
increase the currents markedly, a feature that can be attributed to the removal of local
acidification in the absence of buffering. Figure 3.5 shows CVs recorded at pH = 9 and an
electrode rotation rate of 10 Hz in solutions containing 10-4 M and 10-3 M SH-. Comparison to
the scans in the same solutions under stagnant conditions (Figure 3.2(b)) demonstrates the
influence of electrode rotation rate. Similar behavior (not shown) is observed at pH = 8, with
the separation between peaks 2 and 4 being re-established at the lower [SH-] and film
breakdown being avoided in region 5. At the higher [SH-] the anodic currents in regions 2
and 4 are substantially increased but eventually suppressed by partial repassivation. In
addition, despite the very large anodic currents, which at high [SH-] would be expected to
lead to the copious formation of FeS, the FeS reduction peak in region 7 is effectively
eliminated. This supports the argument that any FeS formed is detached from the steel.
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Figure 3.5 Cyclic voltammograms of steel in 0.2 M CO3 /HCO3 from -1.1 V to -0.3 V at a scan rate of
7 mV/s at pH 8 and rotating at a rate of 10 Hz in the presence of: 10-4 M [SH-] (blue); 10-3 M [SH-]
(orange). Horizontal dashed lines indicate 0 current for each CV. Arrows indicate the scan direction
for the CVs.

3.3.4 Influence of HCO3-/CO32Figure 3.6 shows the influence of [CO3]tot on the current densities and peak potentials
in regions 2, 4 and 5 (at -0.4 V (vs SCE)). These values were recorded at pH=8 in the presence
of 10-5 M SH-, when HCO3- would be the dominant carbonate species present. As [CO3]tot is
increased, the current for peak 2 increases with the peak position (potential) changing only
slightly, while peak 4 shifts to more positive potentials with the peak current decreasing. The
current at -0.4 V (vs SCE) increases with [HCO3-] but not consistently.
The enhancement of the anodic current for peak 2 is consistent with the acceleration
of the dissolution reaction 3.6 as [HCO3-] increases. Such an acceleration would impede the
oxide transformation sequence, reaction 3.10, involving the surface oxidation of FeII to FeIII.
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This acceleration of Fe2+ release and retardation of FeIII formation would then lead to a
decrease in the rate of the reaction sequence 3.10 to 3.13 accounting for the decrease in the
current for peak 4 and its shift to more positive potentials. Subsequently, the combination of
enhanced Fe2+ release and FeIII reduction by SH- would make the establishment of passivity
by γ-Fe2O3 more difficult to achieve accounting for the current increase in region 5.

a)

b)

Figure 3.6 a) Current densities, b) peak positions recorded in potentiodynamic scans on carbon steel
-5

-

in a 10 M [SH ] (pH 8) solution containing various [CO3]tot.

73

3.3.5 Surface Analysis after Potentiodynamic Scans
PDS were performed in an anaerobic chamber in 0.2 M CO32-/HCO3- solution
containing various [SH-], at all three pH values. On completion of the scans XPS, SEM, and
Raman spectroscopy were performed on the electrode surfaces to elucidate the film
composition, thickness and morphology.
3.3.5.1 Raman Spectroscopy
Freshly precipitated mackinawite is commonly nanocrystalline37, 38 as reported in the
literature for amorphous FeS in anoxic sediments39 and rust layers on steel corroded in
seawater.40 In Raman spectra for nanocrystalline mackinawite, a peak in the spectrum at 281
cm-1 can be attributed to the stretching mode of FeS and one at 208 cm-1 to a lattice mode.41
According to Bourdoiseau et al.37 the conversion of nanocrystalline mackinawite to either a
crystalline or partially oxidized version depends on the Fe2+/SH-concentration ratio, the
aging conditions (anoxic or aerated), and the drying time. If the ratio is low, then even longterm aging leads to little change in the spectrum. If the ratio is high (3 ≥ Fe/S ≥1), the 281
cm-1 peak shifts to 298 cm-1. This indicates an increase in vibrational energy that correlates
with the decreased lattice spacing as the Fe-S bond strengthens with crystallization, with the
latter confirmed by XRD. Crystalline FeS is characterized by the intense peak at 298 cm-1 and
two smaller peaks at 208 cm-1 and 257 cm-1, with the first peak corresponding to the FeS
stretching mode and the other two to lattice modes.
After anodic formation of FeS, Bourdoiseau et al.37 showed that XRD of the
mackinawite formed exhibits a degree of preferred orientation with enhanced 001
diffraction peaks observed at short times which are considerably less pronounced at longer
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times. This loss of preferred orientation may be a consequence of the aging of the
mackinawite which leads to a lattice contraction. This, and the high Pilling-Bedworth ratio
for FeS, would then account for the poor adhesion of the FeS to the steel surface and its ready
spallation.
Mackinawite is known to be sensitive to oxidation in air leading to the formation of
partially oxidized mackinawite, which is characterized by a shift in the main peak (281
cm-1) to ~311 cm-1, the development of a peak at 355 cm-1, and the disappearance of the peak
at 204-208 cm-1. The presence of partially oxidized mackinawite usually is accompanied by
other oxidized Fe species such as: greigite; magnetite; Fe(III) oxyhydroxides, and elemental
S.42-45 In addition, Mossbauer studies and XPS analyses have detected the presence of FeIII
within, and on the surface of, synthetic mackinawite, in either tetrahedral sites, as
replacements for Fe(II), or in octahedral holes.46 The incorporation of Fe(III) within, or on the
surface of, mackinawite is possibly the first stage of the oxidation process that leads to
greigite, magnetite or Fe(III) oxyhydroxides.
Figure 3.7 shows the Raman spectra recorded on the electrode surfaces after PDS up
to -0.4V vs SCE in a solution containing 0.2 M HCO3-/CO32- and 10-3 M SH-. At all three pH
values the spectra exhibit the bands at 311 cm-1 and a shoulder at 355 cm-1 indicating
partially oxidized mackinawite and the peak at 256 cm-1 indicative of crystalline
mackinawite. At pH = 10, Figure 3.7(a), the small peak at 206 cm-1 and the shoulder at 294
cm-1, associated with crystalline mackinawite, are also present. The Raman band at 472-482
cm-1 can be attributed to elemental S, with the small peak at 200 cm-1 (pH = 8, Figure 3.7(a))
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also attributable to S, and the broad band in the region 620 to 750 cm-1 to a mixture of Fe3O4
(666 cm-1) and γ-Fe2O3 (678 cm-1, 710 cm-1).
a)

b
)

c)

d
)

Figure 3.7 Raman spectra recorded on a carbon steel electrode after poteniodynamic scans from -1.1 V
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-
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to -0.4 V in a solution containing 10 M [SH ] and 0.2 M [CO3 /HCO3 ] under anoxic conditions: a) pH
10, b) pH 9; c) pH 8. d) Raman spectra recorded after potentiostatic oxidation at -0.8 V vs SCE for 12
2-

-

-3

hours in a 0.2 M [CO3 /HCO3 ] solution ( pH 8) solution followed by the addition of 10 M [SH-] for 12
hour. Red - a-S8; blue - partially oxidized FeS; green - nano-crystalline FeS; brown - Fe3O4 and y-Fe2O3.
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While the presence of S could be attributed to the chemical reaction sequence
summarized in reaction 3.15, the observance of FeIII oxides and the presence of partially
oxidized mackinawite raise the possibility that air-oxidation of mackinawite occurred during
the electrode analyses, despite the precautions taken to avoid it. Alternatively, FeIII oxides
could have been formed via an electrochemical route at the exposed steel surface in region
5. To decide between these two possibilities, an electrode was potentiostatically oxidized at
-800 mV (vs SCE) (24 h) in a pH=8 solution containing 10-3 M SH-; i.e., at a potential at which
electrochemical oxidation to produce FeIII phases will not occur. The Raman spectra
collected after this procedure exhibited only the bands at 284 cm-1 and 208 cm-1 expected
for nanocrystalline mackinawite, Figure 3.7(d). The location of the band due to the
symmetrical stretching mode of FeS (283 cm-1) and the absence of bands for partially
oxidized mackinawite, elemental S, and FeIII oxides, confirmed that air oxidation during
electrode transfer to the spectrometer was avoided. Since the same analytical procedure was
used in all Raman analyses, the features observed in the spectra recorded after PDS, Figure
3.7(a to c), indicate the electrochemical formation of S and FeIIIoxides.
3.3.6 Surface Analyses after Potentiostatic Oxidations
Figure 3.8 shows log i - log t plots (where i is current and t is time) recorded in
solutions containing 10-4 M and 10-3 M SH- at -0.55V; i.e., in the later stages of region 4 and/or
the early stages of region 5 (as defined in Figure 3.2). At pH = 10, Figure 3.8(a), the current
is initially high (> 1 mA cm-2) and independent of time, before decreasing as expected if a
current-inhibiting film was formed. Subsequently, the log of the current decreases
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approximately linearly at [SH-] = 10-4 M to a value in the region of 1 μA cm-2, a commonly
observed signature for the growth of a passivating layer. Identical behavior is observed at
the higher [SH-] indicating that the decrease in current is independent of [SH-] as expected if
the current is controlled by the rate of formation of a passivating oxide. Noticeably, the
current recorded at longer times when [SH-] = 10-3 M maintains a value of ≥ 10 μA cm-2,
consistent with the expectation that passivity would become progressively more difficult to
maintain, even at pH = 10, due to the chemical instability of FeIII surface states in the presence
of SH-. At the two lower pH values, Figure 3.8(b and c), this longer term decrease in log i is
interrupted by an increase, the extent of which increases as [SH-] is increased and as the pH
is decreased indicating the occurrence of reactions involving SH-. This is particularly marked
at pH = 8, Figure 3.8(c), and consistent with the CVs, Figure 3.3, which show that any attempt
to form a passive layer was thwarted by film breakdown at this pH. The large fluctuations in
current at the two lower pH values for [SH-] = 10-3 M indicate the films formed are physically
unstable.
Figure 3.9 shows Raman spectra recorded on the electrodes after potentiostatic
oxidation at -0.55V in 10-4 M SH- (pH = 10), when a passive film was formed, and in 10-3 M
SH- (pH = 9) when film breakdown and the formation of a current-inhibiting, but nonpassive, layer was formed. At pH=10, the peak doublet (~675 cm-1 and ~ 720 cm-1) confirms
the presence of Fe3O4/γ-Fe2O3, as would be expected for the formation of a passive film. The
broad peaks in the 300-600 cm-1 range are difficult to assign, but the peak at ~315 cm-1 could
indicate the presence of partially oxidized mackinawite. A very broad band between 1250
cm-1 and 1600 cm-1 superimposed on a steeply increasing background signal (not shown)
confirms the presence of an Fe3C residue which is detectable since the surface films are thin.
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The SEM micrographs in Figure 3.10(a and b) confirm the presence of only a thin film (the
original polishing lines remain visible in (a)) although the micrograph at a higher
magnification, Figure 3.10(b), indicates the film is crystalline on the nanometer scale which
could indicate the presence of mackinawite.
a)

b)
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Figure 3.8 Current-time logarithmic plots recorded on carbon steel polarized at -0.55 V vs SCE in a 0.2 M CO3
-

/HCO3 solution containing different [SH-]: a) pH 10; b) pH 9; c) pH 8.

2-

79

Figure 3.9 Raman spectra recorded on carbon steel after anodic oxidation at -0.55V for 70 minutes
2-

-

in a 0.2 M CO3 /HCO3 , solution containing either 10-4 M SH- ( pH 10) (black) or 10-3 M SH- (pH 9)
(green). Red: a-S8, blue: partially oxidized FeS, green: nono-crystalline FeS, orange: Fe3O4 and gFe2O3.
.

At pH = 9 ([SH-] = 10-3 M), when the log i – log t plot exhibited higher currents

associated with film breakdown, Figure 3.8(b), the Raman spectrum is very similar to those
observed after PDS experiments, Figure 3.7, confirming that the breakdown of any FeIII oxide
film via the reaction sequence 3.8 to 3.15 leads to the formation of thick partially oxidized
mackinawite, S, and γ-Fe2O3/Fe3O4 layer. The SEM micrographs in Figure 3.10(c and d)
confirm the presence of a thick, easily detachable film of mackinawite comprised of
nanoparticulate clusters.
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a)

b)

3 μm

30 μm

3 μm

c)

d)

3 μm

Figure 3.10 (a,b) SEM images recorded after potentiostatic oxidation at -0.55 V for 70 minutes in a 0.2 M
2-

-

-4

CO3 /HCO3 solution containing 10 M [SH-] (pH 10). (c,d) SEM images recorded after potentiostatic oxidation
2-

-

-3

at -0.55 V for 70 minutes in a 0.2 M CO3 /HCO3 solution containing 10 M [SH-] (pH 9).

The initial formation of nanocrystalline mackinawite followed by its conversion to
crystalline mackinawite with the process occurring more readily at high [SH-] is consistent
with published evidence indicating that the formation of the nanocrystalline precipitate
occurred via the initial formation of Fe(SH)2 which then condenses to yield FeS clusters
(possibly Fe2S2).32, 47 Since the structure of these clusters is similar to the basic structural
component of mackinawite they act as precursors to the formation of nanocrystalline
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mackinawite.48 These clusters form rapidly as the dominant form at high [Fe2+] and [SH-]
with the first formed precipitate ~ 2.2 ± 1.7 nm in particulate size.32
This offers a potential explanation for the observations in CVs that FeS formed at low
[SH-] and low dissolved [Fe2+] are retained on the electrode surface in a reducible form while
those formed at high concentrations are not, Figure 3.3. At low concentrations the formation
of Fe(SH)2 complexes leads to the relatively slow formation of a coherent and
electrochemically reducible FeS layer on the steel surface. By contrast high concentrations
lead to rapid progression from Fe(SH)2 to FeS clusters (with stoichiometries up to Fe150S150)
and the formation of lightly adherent and/or detached nanoparticles.
3.3.6 X-ray Photoelectron Spectroscopy
XPS spectra were recorded for the S 2p (160 eV to 175 eV) and Fe 2p3/2 (705 eV to
725 eV) regions after PDS experiments to a potential limit of -0.4V (region 5) in a 0.2 M HCO3/CO32- solution containing [SH-] = 10-3 M at pH = 8 and pH = 9. Spectra recorded at pH = 10
were not analyzed in detail since the steel surface was readily passivated, as discussed above,
and only minor amounts of S species were observed. The spectra recorded at the two lower
pH values are shown in Figure 3.11. The parameters required to fit the S 2p spectra were
taken from Pratt et al.49 The basis for fitting the Fe 2p spectra was developed by Gupta and
Sen50 and Grosvenor et al.51 and the parameters used to fit the spectra in this study were
developed by Biesinger et al.52
The S 2p spectra, Figure 3.11(a and b), show the presence of S species ranging from
S2-, (161.2 eV), polysulphide (S22-) (162.5 eV), elemental S (164.3 eV) and SO42-(168.7 eV)
with the relative peak areas being similar at both pH values. The observation of oxidized
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species is consistent with the Raman spectra and the electrochemical behavior and
demonstrates that the surface remains active, rather than passive in region 5.

b)

a)

d)

c)

Figure 3.11 High resolution deconvoluted XPS spectra for the S 2p peak recorded after PDP scan from -1.1 V to -0.4 V in
2-

-

a 0.2 M CO3 /HCO3 solution containing 10-3M SH- at a) pH 9, b) pH 8. High resolution deconvoluted spectra for the Fe
2p3/2 XPS peak in the same solution; c) pH 9, d pH 8.
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Although the extent of reaction cannot be assessed on the basis of XPS analyses of the
top ~ 5 nm of the surface deposit, the observation of oxidized S species confirms that the
reaction sequence 3.11 to 3.14 proceeds, to some degree through, the sequence
SH- → S22- → S2O32- → SO42-

(3.17)

with elemental S produced by the reaction between S22- and S2O32-. Whether SO42- exists as
FeSO4 or Na2SO4 is uncertain, since Na was detected in the XPS survey spectra.
The deconvoluted Fe 2p3/2 are shown in Figure 3.11(c) and d). The peak/shoulder at
~ 706.6 eV would normally be attributed to metallic Fe,52 but is assigned to FeS49 since the
mackinawite deposit is too thick for the substrate steel to be detected. Deconvolution of the
spectra demonstrates the presence of Fe3O4, Fe2O3, FeCO3 (siderite) as expected based on the
Raman spectra. Given the presence of S22- in the S 2p spectra, pyrite (FeS2) may also be
present, with a strong, near symmetrical peak at 707 eV and a distinct high energy tail
extending to about 712 eV.53 However, no improvement to the spectral fits, Figure 3.12(c
and d) could be achieved by including such a contribution. The inclusion of a contribution
from FeCO3 would not be unexpected since the ability of HCO3- to compete with SH- in
complexing soluble Fe2+ increases as the pH decreases.32 The absence in the Raman spectra
of the characteristic peak at 1082 cm-1 for FeCO3 suggests only minor amounts are present
within the mackinawite deposit.54
The presence of carbonate on the surface is confirmed by deconvolution of the C 1s
spectrum (not shown) using the parameters taken from Beamson et al.55 Although carbonate
could be present as Na2CO3 precipitated in the deposit during drying, the Fe 2p spectra
confirm its presence in association with Fe2+. The observed increase in the amount of
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carbonate in the surface as the pH was decreased, as seen in Figure 3.12, was consistent with
the calculations of Rickard and Luther.32 The amount of carbonate present also increases as
[SH-] is increased (not shown). Since both HCO3- and SH- increase the rate of production of
Fe2+, HCO3- via reactions 3.6 and 3.9 and SH- via reaction 3.9 and the reaction sequence 3.11
to 3.14, this is not unexpected.

Figure 3.12 relative amounts of carbonate determined from high resolution C 1s XPS spectra recorded
2-

after a PDP from -1.1 V to -0.4 V in a 0.2 M CO3 /HCO3 containing 10-3M SH-as a function of pH.

Since XPS is a surface sensitive technique there remains the possibility that, despite
the precautions taken, atmospheric oxidation could account for the observation of oxidized
species and FeIII states in the surface of the mackinawite deposit. To confirm that these
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oxidized states are produced either by the reaction sequence 3.11 to 3.14 or
electrochemically when the potential is in region 5, an electrode was potentiostatically
oxidized at -800 mV (vs SCE) in a solution containing 0.2M HCO3-/CO32- (pH = 8) for 12h.
After 12h, SH- was added to yield a solution with [SH-] = 10-3 M and the potentiostatic
experiment continued for a further 12h with the current increasing from ~ 2 μA cm-2 to ~ 9
μA cm-2. Under these conditions, FeIII-containing surface states should not be formed
precluding the occurrence of the reaction sequence 3.11 to 3.14 to produce oxidized S
species and the electrochemical formation of FeIII-containing oxides. Figure 3.13 shows the
S 2p and Fe 2p3/2 spectra recorded on completion of this experiment after transfer of the
electrode to the spectrometer using the procedure adopted in all analyses. In the S 2p
spectrum no elemental S or SO42- was observed although a minor contribution from S22could be present. In the Fe 2p3/2 spectrum the dominant contribution was from FeS which is
expected since mackinawite would be formed. Minor contributions from FeIIO species were
observed, as expected during the pre-oxidation at -800 mV, but no trace of FeIII surface
species was detected. Despite the observation of S22- in the S 2p spectrum, no obvious
signature for either elemental S or SO42- was observed. This experiment demonstrates that
the transfer of electrodes from the cell in the anaerobic chamber to the spectrometer avoided
any significant atmospheric oxidation, confirming that the oxidized S species and FeIIIcontaining oxides observed after PDS experiments were a consequence of the reaction
sequence 3.11 to 3.14 and electrochemical processes in potential region 5.
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a)

b)

Figure 3.13 High resolution spectra for the a) Fe 2p 3/2 and b) S 2p XPS peaks recorded on a spectra of steel
2-

-

electrode after potentiostatic oxidation at -800 mV for 24 hours in a solution of 0.2 M CO3 /HCO3 , pH 8 for 12
-3

-

hours followed by the addition of 10 M [SH ] for the subsequent 12 hours.

3.4 Proposed Mechanism
In the absence of SH-, the anodic dissolution of carbon steel initiates with the
adsorption of OH- on the steel surface and progresses with increasing potential through the
anodic oxidation sequence 3.10. The extent of anodic dissolution as FeHCO3+ increases as the
carbonate concentration increases and the pH decreases from 10 to 8. At pH 10 and pH 9,
passivity can be maintained at positive potentials. However, at pH 8, when the pH is no
longer buffered by the HCO3-/CO32- equilibrium, film breakdown and dissolution of Fe3+,
followed by hydrolysis, leads to a decrease in pH and the loss of passivity.

Figure 3.14 Schematic representation of the mechanism of sulphide breakdown of the passive layer on iron oxides in a) regions 1 and 2, b) regions
3,4,5 (as defined in Figures 1 and 2).z

b)

a)
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When SH- is present, even a small [SH-] can displace OH-ads from the steel surface. At pH 10,
the threshold [SH-] is ≤ 10-6 M and lower, but undetermined at pH 8 and pH 9. At low
potentials (regions 1 and 2), SH-ads interferes with the reaction sequence of Fe(OH)2 to Fe3O4
by catalyzing anodic dissolution (as FeHCO3+), as illustrated in the schematic, Figure 3.14(a).
Although not investigated in detail in this study, an increase in the surface concentration of
dissolved FeHCO3+ would lead to the precipitation of FeS (mackinawite) and possibly FeCO3
(siderite).
At more positive potentials, when the steel attempts to form Fe2O3 (Region 3), the
instability of FeIII in the presence of SH- prevents passivation by reducing FeIII to FeII, which
dissolves as FeHCO3+ and forms sulphide radicals (S•-), leading to the further reduction of
FeIII and the formation of elemental S, polysulphide (S22-) and eventually small amounts of
SO42-, as illustrated schematically in Figure 3.14(b). This reduction of FeIII leads to
reactivation of the steel surface and accelerated release of FeHCO3+ and its conversion by
reaction with aqueous SH- to yield insoluble mackinawite (FeS). Since polysulphides are also
present the formation of pyrite (FeS2) is also possible although apparently not extensively.
In addition, the deposition of siderite (FeCO3) becomes possible but is also not extensive.
At pH 10, when buffering by HCO3-/CO32- is effective, this reactivation of the steel
surface is temporary with passivation by Fe3O4/γ-Fe2O3 being achieved at sufficiently
positive potentials (region 5). At the lower pH values, the surface remains active with the
direct oxidation of mackinawite yielding the partially oxidized form (FeII(FeIII)S). In addition,
the electrochemical formation of Fe3+ leads to the electrochemical formation on the steel
surface of a non-passivating layer comprised of small amounts of Fe3O4/γ-Fe2O3 and copious

89

amounts of FeS (formed by the reduction of Fe3+ by SH-) much of which is in particulate form
and detached from the steel surface.
3.5 Summary and Conclusions
The electrochemical dissolution of steel in the presence of HCO3-/CO32- and SH- is dependent
on the [HCO3-/CO32-], [SH-], and pH. The presence of SH- destabilizes the formation of
FeII/FeIIIoxides by competing for surface adsorption sites on Fe and by simultaneously
reducing FeIII to FeII.
•

Small concentrations of SH-(≤ 10-6M) catalyze the anodic dissolution of steel in
carbonate solutions.

•

FeIII oxides are unstable in the presence of sulphides, even at low concentrations, and
are reduced to FeHCO3+ species. The accompanying oxidation of SH- leads to the
formation of elemental S, polysulphides (S22-), and small amounts of SO42-.

•

The passivity of steel (by γ-Fe2O3) only appears achievable at high pH (≥ 10) when
the effective HCO3-/CO32- buffering prevents local acidification. For pH values ≤ 9
active behavior prevails.

•

The dominant FeS formed is mackinawite, which can form either compact surface
films (slow growth) or nanoparticulate deposits with many detached from the steel
surface (rapid growth).

•

The presence of polysulphides can lead to pyrite (FeS2) formation.
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4
Corrosion of Carbon Steel in Anoxic Sulphide Solutions
4.1 Introduction
Canadian oil and gas transmission pipelines are typically protected from external
corrosion by corrosion-resistant coatings and cathodic protection. However, disbondment
of coatings can expose pipelines to groundwater and the danger of corrosion.1 Since
groundwaters contain multiple anions (HCO3-/CO32-, SO42-, Cl-, and SH-) which can influence
corrosion,2 and, along with groundwater pH, dictate the composition of the corrosion
products found on the corroded steel surface.3,4
Microbially-induced corrosion due to the action of sulphate reducing bacteria (SRB)
to produce sulphide can accelerate corrosion at locations where coatings have disbonded.5
SO42- + 9H+ + 8e- → SH- + 4H2O

(4.1)

Since SH- can reduce FeIII oxides, this anion remains aggressive even if protective oxide and
oxyhydroxide deposits have previously formed. This reaction process is complex but can be
partially summarized by the overall reaction,6
γ-Fe2O3 + SH- + 2H2O → 2FeSH+ + S + 5OH-

(4.2)

although further oxidation of S can lead to the formation of thiosulphates and sulphate.6 The
reduction of FeIII oxides has been demonstrated to be a surface-controlled reaction with the
rate of reduction being determined by the chemical nature of the oxide/oxyhydroxide film
present.7,8 This process will also be dependent on the pH, since the solubility of both Fe2+ and
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Fe3+ are pH-dependent,9 and on the nature and concentration of other anions in the
groundwater which can compete with SH- for adsorption sites on oxide surfaces.10,6
In the absence of a pre-formed oxide/oxyhydroxide film, SH- will compete directly
with OH-, in neutral to alkaline solutions, for adsorption sites on the steel surface. Whether
or not oxide/oxyhydroxide or sulphide films form will depend on the concentration ratio,
[OH-]/[SH-]11, as will the possibility of pitting. At pH values around 7, the mackinawite film
formed is not protective and active dissolution occurs.12 Under more alkaline conditions the
possibility of pitting is increased as [SH-] increases.13,14
While mackinawite is the initial FeS phase that forms15 it can transform into other
sulphides such as greigite, pyrrhotite, and eventually the more Fe rich pyrite.16 However,
elevated temperatures are required in order for a transformation of mackinawite or greigite
to hexagonal pyrrhotite to occur.17
Under elevated temperatures (<100°C), anoxic conditions, and pH > 6 the conversion
of mackinawite (FeS) to greigite (Fe3S4), and subsequently pyrite (FeS2), is the favoured
reaction pathway18 and can proceed either by the reaction of mackinawite with excess
sulphide species in solution,19, 20
3FeS + SH- → Fe3S4 + H+ + 2e-

(4.3)

Fe3S4 + 2SH- → 3FeS2 + 2H+ + 4e-

(4.4)

Or by a mechanism involving the loss of Fe2+
4FeS → Fe3S4 + Fe2+ + 2e-

(4.5)

Fe3S4 → 2FeS2 + Fe2+ + 2e-

(4.6)
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H2S + H2O + 2e- → H2 + SH- + OH-

(4.7)

Whether or not iron sulphides are protective on steel surfaces depends on their
morphology, crystallinity and porosity. In neutral to alkaline conditions mackinawite is
porous and non-protective,21 but can convert to more compact iron sulphides depending on
the aqueous conditions.22,23 In this chapter we investigate the corrosion of carbon steel
under anoxic conditions in slightly alkaline carbonate/sulphide solutions.
4.2 Experimental
4.2.1 Materials and Electrode/specimen Preparation
Experiments were performed using A516 Gr 70 carbon steel (0.23C; 1.11 Mn; 0.007
P; 0.010S; 0.26 Si; 0.01 Cu; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O (μg g-1). For electrochemical
experiments, disc shaped specimens connected to a stainless steel shaft were set in epoxy
resin with the shaft covered with Teflon shrink tubing. For corrosion experiments similar
specimens were placed in the electrochemical cell without epoxy with only the steel exposed
to the solution. The exposed electrode surface was 0.785 cm2 for electrochemical
experiments and ~2.5 cm2 for corrosion experiments. Prior to an experiment, the specimen
surface was polished with SiC paper with grit sizes up to p1200. Surfaces were polished with
Type 1 H2O (resistivity = 18.2 MW.cm) and dried using a stream of purified Ar. Prior to an
experiment, electrodes were cathodically cleaned for 1 minute (to remove air-formed oxide)
at -1.3V (vs SCE) and then at -1.1V (vs SCE) (to allow the detachment of cathodically formed
H2 (bubbles).
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4.2.2 Solution Preparation
Solutions were prepared with Type 1 H2O using reagent grade chemicals (Na2S –
Sigma Aldrich; Na2CO3 and NaHCO3 – Caledon Laboratories). In all experiments the pH was
adjusted to 8 using H2SO4. The electrolyte used in all experiments contained 0.1M CO32-/0.1M
HCO3- with/without 0.001M SH-.
4.2.3 Electrochemical Techniques
Corrosion potential (ECORR), polarization resistance (RP) and electrochemical
impedance spectroscopy (EIS) measurements were conducted in a three compartment
electrochemical cell. Simultaneously, additional specimens were exposed to an identical
solution in a 2L glass beaker. Specimens were removed from the beaker after different
exposure times for surface characterization. All experiments were conducted in an anaerobic
chamber to avoid atmospheric exposure.
Potentiostaic experiments were conducted at a potential of -0.8V (vs SCE) for 24 h. RP
measurements were performed by applying a ± 10 mV scan around ECORR. EIS spectra were
collected over the frequency range 105Hz to 10-3Hz. The validity of the measured spectra was
confirmed using a Kramers-Kronig transformation. Electrochemical measurements were
performed using either a 1287 Solartron potentiostat or a 1480 Solartron Multistat.
Corrware software was used to control experiments and to collect electrochemical data.
4.2.4 Raman Spectroscopy
Raman spectra were obtained using a Renishaw 2000 Raman spectrometer equipped
with a 633 nm He-Ne laser and an Olympus microscope. Images were collected using a 50x

100

uncoated objective lens with the beam focussed to a diameter of ~ 2μm. The power of the
laser beam at the sample surface was kept to 1% to avoid laser heating effects. All spectra
were calibrated against the 520.5 cm-1 peak for Si. GRAMS 386 Raman software was used
both to collect and manipulate the spectra.
4.2.5 Scanning Electron Microscopy
SEM was performed using a Hitachi SU3500 variable pressure SEM combined with an
Oxford Aztec X-Max50 SDD X-ray analyzer. All SEM analyses were carried out using an
accelerating voltage of 1 keV or 10 keV.

4.3 Results and Discussion
4.3.1 ECORR and RP Measurements
ECORR and RP measurements were conducted under two sets of conditions. In one
experiment, a steel electrode, and additional specimens, were exposed to a 0.2M HCO3-/CO32solution for 30 days, after which SH- was added to achieve an [SH-] = 10-3 M and
measurements continued for a further 90 days. These specimens were designated as preexposed. In a second experiment, a steel electrode and additional specimens were exposed
to the same solution but with SH- present from the start. These specimens are designated
directly exposed.
The pre-exposed electrode exhibited a number of changes in behaviour over the total
exposure period, Figure 4.1 Over the first 2 d, ECORR decreased while RP increased indicating
a decrease in corrosion rate with the dominant effect being the suppression of the cathodic
reaction, H2O reduction under the anoxic conditions maintained. Subsequently, over the
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period up to ~ 20 d, the rate (proportional to RP-1) continued to decrease without any
significant change in ECORR, suggesting a suppression of the corrosion rate by the
accumulation of a corrosion product deposit which eliminated the active areas on the steel
surface for both the anodic and cathodic reactions.24 The ECORR stabilized at ~ -800 mV (vs
SCE) indicating oxide formation on the steel surface would be limited to the formation of
Fe(OH)2/Fe3O4, as expected under the prevailing anoxic conditions. The high value of RP (24
kW.cm2) confirmed that a protective film or deposit was present on the steel surface.
Irregularities in the measured RP values (between 20 d and 30 d) suggested the surface film
could be detached in some locations.
-3

-

10 M SH added

Figure 4.1 Corrosion potential (ECORR) (orange) and polarization resistance (RP) measurements (blue) on
-

2-

-3

-

steel pre-exposed to 0.2 M HCO3 /CO3 for 30 days followed by the addition of 10 M SH for 90 days.
Large potential spikes are artefacts due to short periods of power loss.
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When SH- (10-3 M) was introduced after 30 days, ECORR rapidly decreased to ~ -0.84V
(vs SCE) (<24h) suggesting a significant change in the state of the steel surface. This indicated
that any oxide formed prior to the addition of SH- was rapidly removed or rendered
unprotective. Since the value of ECORR prior to the addition of SH- indicated oxidation would
have been restricted to Fe(OH)2/Fe3O4 formation, this drop, accompanied by a significant
decrease in RP suggested reactivation of the steel surface by the removal of this layer. This
was consistent with the demonstrated ability of SH- to replace surface hydroxide and reduce
FeIII surface states (in Fe3O4 (reaction 4.2)) as discussed in the previous chapter (chapter
3).14,16 The subsequent rebound in ECORR and increase in Rp, then suggested this initial
activation was slightly arrested by a blockage of the anodic reaction due to the rapid
formation of an FeS film. Subsequently, over the following ~ 80 days of exposure, RP
decreased and ECORR increased slightly to final steady-state values, suggesting a slow ongoing activation of the steel surface with any FeS deposit not leading to corrosion protection.
Since mackinawite is known to be the initial FeS phase formed,25 this achievement of a
steady-state RP value indicated this initial phase was not subsequently converted into a more
protective phase such as either pyrrhotite (Fe1-xS: 0 < x < 0.2) or troilite (FeS).26
When SH- was present from the first immersion of the steel electrode (directly
exposed), Figure 4.2, the increase in RP and decrease in ECORR, which occurred over a 2 day
period, can be attributed to the initial adsorption of SH- and possible formation of a thin
surface FeS layer on the steel surface which retarded the cathodic reaction (H2 production).
The subsequent steady decrease in RP, accompanied by only a small change in ECORR, showed
that any such protective layer was short-lived with a steady-state corrosion process
established over an ~ 10 day period. The very low, approximately steady-state ECORR was ~
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50 mV more negative than that achieved on the pre-exposed steel electrode. This lower ECORR
on the directly exposed steel was accompanied by a higher RP value (~ 10 kW cm2) than
observed on the pre-exposed steel (~ 6 kW cm2). This suggested the direct formation of an
FeS film produced a slightly more protective film than the one formed indirectly via the
conversion of an initially formed oxide/hydroxide. A possibility is that the film formed by
conversion of a preformed oxide/hydroxide was less coherent and, hence, less protective.
However, on both the pre-exposed and the directly exposed steels the low ECORR and RP
values confirm any sulphide film present was sufficiently porous to allow the maintenance
of active corrosion conditions.

Figure 4.2 Corrosion potential (ECORR) (orange) and polarization resistance (RP)
-

2-

-3

-

measurements (blue) on steel exposed to 0.2 M HCO3 /CO3 and 10 M SH for 90 days.
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4.3.2 Electrochemical Impedance Spectroscopy
EIS measurements were performed at intervals throughout the exposure period on
both the pre-exposed and directly exposed electrodes. The spectra are shown in both the
Nyquist and Bode formats in Figures 4.3 and 4.4 (for the pre-exposed electrode), and Figures
4.5 and 4.6 (for the directly exposed electrode).
For the pre-exposed electrode an increase in interfacial resistance, indicated by a
tendency of the impedance (Z) (Figure 4.4) towards a frequency-independent value at the
low frequency limit accompanied by a low value of the phase angle, was consistent with the
increase in RP values (Figure 4.1) observed over the initial exposure period when SH- was
not present. At short exposure times (2 d) only a single time constant response was
observed, Figure 4.4, although the Nyquist plot, Figure 4.3, suggested the possible presence
of a Warburg impedance at low frequencies attributable to a transport contribution. After 29
d of exposure, when an RP value of ~ 25 kW cm2 was observed, Figure 4.1, the low frequency
limit of the impedance plot, Figure 4.4(a) exhibited a similar value. The phase angle plot,
Figure 4.4(b), indicated the appearance of a second time constant in the low frequency range
(10-2 to 1 Hz), with the location of the higher frequency response remaining in a similar
frequency range to the response observed after 2 d. Since the development of a surface film
was anticipated, the high frequency response (102 to 1 Hz) could be attributed to a
combination of the interfacial charge transfer resistance in parallel with the double layer
capacitance. The lower frequency response can then be attributed to the film/deposit
formed on the steel surface. The Nyquist plot recorded after 29 d of exposure, Figure 4.3,
shows a significant time constant dispersion, Figure 4.3, indicating a laterally non-uniform
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impedance response most likely associated with variations in reactivity with surface
location.

-

2-

Figure 4.3 Nyquist plots recorded on carbon steel pre-exposed to 0.2 M HCO3 /CO3 for 30 days
-3

followed by the addition of 10 M SH- for 90 days.

a)

b)

Figure 4.4 Bode plots (a) impedance (Z), b) phase angle (θ)) recorded on carbon steel pre-exposed to 0.2 M
-

2-

-3

-

HCO3 /CO3 for 30 days followed by the addition of 10 M SH for 90 days in an anaerobic chamber.
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On addition of SH- the high frequency response was rapidly eliminated (over the
period from 30 to 31 d) and the impedance at the low frequency limit of the Bode plot
increased which was inconsistent with the decrease in RP values which occurred over an ~
4h period after SH- addition. The rapid elimination of the high frequency response indicated
a major decrease in resistance to charge transfer at an exposed steel/solution interface. At
longer exposure times, the impedance became dominated by capacitance making any
attempt to fit the spectra to determine values for specific circuit elements impossible. While
the decrease in impedance in the frequency range (102 to 1 Hz) indicated the onset of a rapid
interfacial process, the low frequency response indicated the impedance response was
dominated by the very large capacitances associated with any FeS deposits formed on the
steel surface.
For the directly exposed steel, the Bode and Nyquist plots, Figures 4.5 and 4.6,
exhibited no impedance response in the frequency range 102 to 1 Hz, and very rapidly
became dominated by a low frequency capacitance response, Figures 4.5 and 4.6. The
absence of the high frequency response can be attributed to the fact no pre-oxidation
yielding oxides occurred when SH- was present at the start of the experiment. Given the
dominance of the low frequency response by the large capacitance associated with FeS films
and deposits, neither the EIS nor RP measurements (Figures 4.1 and 4.2), while indicating an
“active” corrosion process when SH- was present, provided an accurate measurement of the
actual corrosion rate.
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-

2-

-3

Figure 4.5 Nyquist plots recorded on carbon steel exposed to a 0.2 M HCO3 /CO3 and 10 M SHsolution for 90 days.

a)

b)

Figure 4.6 Bode plots (a) impedance (Z), b) phase angle (θ)) recorded on carbon steel in a
-

2-

-3

-

0.2 M HCO3 /CO3 + 10 M SH for 90 days.
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4.3.3 Scanning Electron Microscopy
Figure 4.7 shows the morphology of the surface film/deposits formed on pre-exposed
specimens after various exposure periods. After 30 days of exposure to the HCO3-/CO32solution containing no SH-, Figure 4.7(a), a scattered deposit of cubic crystals close to 10 μm
in dimension was observed. Interspersed between these crystals were areas of the surface
covered by clusters of thin platelets and a nanoscale sublayer. The large crystals have
previously been assigned to siderite (FeCO3).27 After a short 2 d exposure to the solution
containing added SH-, Figure 4.7(b), the clusters of platelets had disappeared, and the
nanoscale sublayer was no longer clearly visible. In addition, the larger crystals were
uniformly covered by a fine fibrous deposit. Over the subsequent exposure period this
deposit thickened to more comprehensively cover the whole surface, with the crystals
apparently retaining their cubic structure.
Figure 4.8((a) to (f)) shows the morphology of the films and deposits formed on the
directly exposed steel specimens after various exposure periods. The large crystals which
formed on the pre-exposed structure are not formed. After 2 d, some areas of the surface
appeared covered by a thicker deposit than others. Whether this reflects the ferrite/pearlite
microstructure of the steel remains undemonstrated. This poorly crystallized deposit
thickened with exposure time to uniformly cover the surface with a clearly finely particulate
and porous deposit after 50 d of exposure, Figure 4.8(d). Although generally uniform and
similar to that observed after 50 d the magnified micrograph of the surface after 90 d of
exposure, Figure 4.8(e), shows two distinctly different film morphologies; a nanoparticulate
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deposit and a deposit composed of thin dendritic platelets suggesting the occurrence of
either two different growth processes or the formation of two different sulphide phases.

a)

b)

30 μm
30 μm

c)

d)

30 μm

e)

30μm

f)

10μm

15μm

Figure 4.7 SEM Micrographs recorded on carbon steel exposed to (a) a solution containing 0.2 M CO3
-

-3

2-

/HCO3 for 30 days. (b) to (f) the same solution after the addition of 10 M SH- on day 30: (b) 32 days; (c)
38 days; (d) 50 days; (e) 80 days; (f) 120 days
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b)

a)

30 μm

c)

30 μm

d)

60 μm

60 μm

e)

1 μm

Figure 4.8 SEM Micrographs recorded on carbon steel exposed to a solution containing
2-

-

-3

0.2 M CO3 /HCO3 + 10 M SH- for 90 days after: (a) 2 days; (b) 8 days; (c) 20 days; (d)
50 days; (e) 90 days.
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4.3.4 Raman Spectroscopy
Figure 4.9 shows the Raman spectra recorded on the pre-exposed steel coupons
extracted from the experimental vessel in the anaerobic chamber after a sequence of
exposure times. The sample removed prior to SH- addition (30 d) exhibited Raman bands at
1083 cm-1 and 278 cm-1 which identify the crystalline deposit (Figure 4.7(a)) as siderite, with
the first band attributed to an internal vibrational mode and the second to a lattice
vibrational mode.28-30 A very shallow peak may be present in the region 670 to 730 cm-1
indicating that the platelets and nanocrystalline sublayer were Fe(OH)2/Fe3O4 which would
be expected to form at the measured ECORR.31, 32 The weakness of this band may reflect the
combination of the stronger scattering ratio for siderite and the presence of Fe(OH)2/Fe3O4
as only a very thin surface layer.

intensity (A.U.)

FeCO 3
278 cm-1
Fe II S
207 cm-1
II

Fe S
293 cm-1

day 30

FeCO 3
1083 cm -1

day 32
day 38
day 50
day 80

200

400

600 800 1000 1200
-1
wavenumber (cm )

Figure 4.9 Raman spectra recorded on carbon steel pre-exposed to a solution containing
2-

-

-3

CO3 /HCO3 for 30 days followed by the addition of 10 M SH- for 90 days. The sample
removed at 30 days was before the addition of SH-.
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indicated siderite was either immediately converted to, or became covered by, mackinawite,
as indicated in the SEM micrographs, Figure 4.7. It is unlikely that FeCO3 could be completely
converted to FeS over a period of 2 days. This, and the retention of the cubic morphology of
the crystals suggested coverage rather than conversion. Whether any FeCO3 conversion to
FeS occurred was not determined. The loss of any Raman signature for Fe3O4 immediately
after SH- addition was not surprising, since the small amounts of this phase would be
expected to be rapidly converted to mackinawite via a reaction similar to reaction 2. This
conversion was accompanied by a major decrease in RP (Figure 4.1) confirming that the
initial rise in RP could be attributed to oxide formation, not siderite deposition, and that its
conversion to mackinawite led to reactivation of the surface.
No bands for other iron sulphide phases were observed. While mackinawite, despite
not being the thermodynamically stable iron sulphide phase, was anticipated to be the initial
phase formed under corrosion conditions,23,25,33 it was expected to form in the
nanocrystalline form which would have yielded a dominant Raman band at 281 cm-1,
attributed to the symmetric stretching mode of FeS, and a smaller band at 208 cm-1 due to a
lattice mode.34 Subsequently, nanocrystalline mackinawite would be expected to age into the
crystalline form observed in these experiments,32 with the dominant Raman band shifting to
the observed 293 cm-1 as the Fe-S lattice spacing decreased and the film became more
compact. The rate of this aging process depends on the [SH-] and the exposure time, and
would be expected to occur over the long duration of the present experiments.
The rate of aging also depends on whether anoxic conditions were maintained, since
the aging process can lead to partially oxidized mackinawite, when the dominant Raman

113

band would shift to the wavelength region 310 to 315 cm-1,33 if anoxic conditions were not
maintained. Under these conditions, other oxidized Fe species, such as greigite (Fe3S4; 350360 cm-1), elemental S (472-482 cm-1), pyrite (FeS2; 387 cm-1; 446 cm-1)34 and FeIIIoxides
(Fe3O4/γ-Fe2O3; 670-750 cm-1) would be expected.36-38 Their absence in the recorded spectra
confirmed that anoxic conditions were maintained throughout the experiment and during
the period when specimens were transferred from the cell in the anaerobic chamber to the
spectrometer. Also, the absence of any more thermodynamically stable iron sulphides
confirmed that mackinawite was the only sulphide film formed which was expected in
solutions buffered to pH = 8-9, since these alternative phases are only commonly observed
under more acidic conditions.12, 39, 40
Figure 4.10 shows Raman spectra recorded on the directly exposed surfaces up to day
50 demonstrating the presence of crystalline mackinawite. The additional band in the 350360 cm-1 range indicated the presence of greigite (Fe3S4), suggesting some oxidative aging of
the mackinawite had occurred. Figure 4.11 shows Raman spectra recorded after longer
exposure periods (20 and 50 days) on areas of the steel surface where the deposited film
appeared thicker. The peak positions for the various oxidized forms of mackinawite are
indicated on the spectra. While the spectra are insufficiently well defined to confirm the
presence of individual phases it is clear that the conversion sequence
FeIIS → FeII(FeIII)S → Fe3S4 → FeS2

(4.8)
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is underway, where FeII(FeIII)S is partially oxidized mackinawite. This may account for the
two distinct morphologies observed on the steel surface, Figure 4.8(e).

Day 50

Day 20

Day 8

Day 2
200

400

600

800

-1

Wavenumber (cm )
Figure 4.10 Raman spectra recorded on carbon steel exposed to a solution containing
2-

-3

CO3 /HCO3 and 10 M SH- for 90 days.

The shallow Raman bands in the wavenumber region 670 cm-1 – 750 cm-1 suggested the
presence of oxides raising the suspicion that the conversion sequence could have been
initiated by air exposure, although the analytical procedure used has always avoided such an
interference. An alternative is the conversion sequence was facilitated by the presence of
electron-accepting protons provided by the high [HCO3-] present at the pH at which these
experiments were conducted. This would not be surprising since H+ reduction to H2, a
reaction which would involve the formation of reactive H atoms, is the cathodic process
supporting the corrosion of Fe to mackinawite. As specified in reactions (4.5) and (4.6) this
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could involve the loss of Fe2+ during the conversion process and would not involve the
production of soluble polysulphide species. The formation of the latter would require the
presence of elemental S, for which there was no evidence in the Raman spectra. Since the
ECORR in the experiment involving the direct exposure of steel was ~ 50 mV more negative
than that prevailing in the experiment involving the pre-exposed steel, the kinetics of H+
reduction to produce the reactive H atoms which could lead to mackinawite oxidation would
be more rapid in the direct exposure case. This difference could account for the absence of
the mackinawite conversion reaction on the pre-exposed steels.

Day 50

Day 20

200

600

400

800

Wavenumber
Wavenumber
(cm-1(cm
) -1)
Figure 4.11 Raman spectra recorded on carbon steel at locations covered by an apparently thicker
2-

-3

surface film after exposure to a solution containing CO3 /HCO3 and 10 M SH- for 90 days.

116

4.4 Summary and conclusions
Exposure of carbon steel to an anoxic HCO3-/CO32- solution in the absence of SH- leads to
the formation of a thin, partially protective Fe(OH)2/Fe3O4 layer and the deposition of cubic
siderite (FeCO3) crystals. Irrespective of whether an oxide film or siderite deposit is
present, exposure to SH- leads to the establishment of active corrosion conditions, any FeIII
containing protective oxide being rapidly reduced by reaction with SH- and replaced by
mackinawite.
•

The mackinawite film formed appears to be slightly more protective if formed
directly on the steel surface rather than by the conversion of the preformed oxide.

•

Whether or not siderite can be converted to mackinawite was not determined.

•

While polarization resistance and EIS measurements indicate the establishment of
active corrosion conditions, the extremely large capacitances associated with the
mackinawite film renders any attempt to calculate a corrosion rate based on
electrochemical measurements unreliable.

•

When mackinawite is formed directly on the steel surface, it is possible that anoxic
aging through the sequence mackinawite → greigite → pyrite can occur. This
conversion sequence appears to be driven by proton reduction to H2 with the
protons supplied by the dissociation of HCO3-.
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5

The Influence of the Adsorption and Transport of Hydrogen in Carbon Steels on
the Passivity of Iron Oxides

5.1 Introduction

The use of pipelines in the energy sector for the transportation of crude oil, natural
gas, and other petrochemical commodities is regarded as the safest, fastest and most
economical mode of product transmission and delivery.1 More than 90% of existing pipelines
are manufactured from carbon steel, with the other 10% being made with aluminum,
fiberglass, composites, polyethylene and other materials.1 To avoid carbon steel corrosion,
pipelines are coated by non-conductive polymeric coatings, and cathodically protected(CP).
CP can occur by either passing a current between the pipeline (as the cathode) and an anode
or by creating a circuit with a less noble metal which acts as a sacrificial anode.2 However,
coatings, especially on older pipelines, can fail due to poor welding, scratches and other
defects, which can lead to disbondment, when adequate protection can no longer be applied,
and the steel becomes susceptible to corrosion. Alternatively, CP may be incorrectly applied,
with too large an applied potential (< -950 mV vs. SCE) causing water reduction and the
formation of atomic hydrogen (H) on the steel surface. This adsorbed H can then either
combine to yield H2 gas or be absorbed into the steel.3 The resulting increase in the H
concentration in the steel can lead to either blistering and/or cracking, leading to pipeline
damage even in the absence of a mechanical load.3,4 In the presence of a load, H can cause
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hydrogen induced cracking (HIC), a process dependent on the metallurgical structure of the
alloy.

The metallurgical properties that can render a steel susceptible to HIC include the
distribution of phases and the presence of defects and inclusions.5 For example, pearlite is
more susceptible to crack propagation than lower bainite and tempered martensite, but less
susceptible than martensite.6 At the same time, the solubility of H is lower, and its diffusivity
higher, in ferrite compared to other phases found in steel.7 Resistance to H adsorption and
HIC is dependent on the particular steel. For example, the resistance in near-neutral HCO3solutions decreases with decreasing yield strength.8 Furthermore, steels with mixed pearlite
and ferrite structures (hypo-eutectoid) are more susceptible to HIC than pearlitic (eutectoid)
steels.9 Some of the most prominent steel microstructural features susceptible to HIC are
grain boundaries.10

Absorbed H diffuses primarily by ferritic lattice tunneling through interstitial sites
until encountering a trap.11 Traps can be either reversible or irreversible, depending on the
activation energy (EA) needed to release the H. For EA > 60 kJ mol-1, trapping is considered
irreversible.7 Reversible trap sites (EA < 60 kJ mol-1) include grain boundaries, dislocations,
microvoids, retained austenite (high carbon steel), and ferrite/cementite with coherent
interfaces.7 Due to their lower EA, these sites can release H at much lower temperatures ( <
100⁰C) than irreversible traps.7 The effect of reversibly trapped H on HIC is limited, and
mainly associated with an increase in H concentration at the crack tip.12-14 Conversely,
irreversible traps can lead to a build-up of H pressure, eventually causing crack initiation.15
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Irreversible trap sites include MnS inclusions, cementite with an incoherent interface, and
retained austenite (dual phase steel).7

Whether or not H absorption, the first step leading eventually to HIC, occurs will be
dependent on the nature of the steel surface and the oxides and deposits on it. Currently,
there is no consensus within the literature on the role of calcium deposits on the absorption
of H into steel. Zhang et al. observed calcium deposits on steel after conducting hydrogenpermeation tests but detected no decrease in the permeation current response.16 It was
proposed that these deposits blocked the combination of adsorbed H atoms to yield H2, and
thus increased H absorption into the steel. However, Ou et al. observed a decrease in current
during permeation experiments, with calcium deposits and a magnesium hydroxide film
forming from a synthetic seawater solution.17

The properties of the steel surface in neutral to alkaline environments will be
determined dominantly by the presence of oxides and oxyhydroxides, as summarized by
Flis-Kabulska et al.,18 with the possibility that the films can be transformed, but not fully
removed, by cathodic polarization. The presence of these films, and their response to
cathodic polarization, was investigated by Flis-Kabulska et al.,18 who claimed that their
permeability to H was convoluted with magnetite (Fe3O4) reduction to FeII, the passivity due
to FeIII-dominated films having been destroyed. X-ray photoelectron spectroscopy (XPS) was
used to support this argument, with the apparent detection of FeO offered as evidence of film
reduction.19 Although not definitive, these analyses suggested that the FeO was located near
the oxide/substrate interface.19 It was claimed that a thin (monolayer) film of Fe3O4/FeO
could hinder H recombination to H2, thereby promoting H absorption into the substrate.19
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However, the formation of an oxide layer due to interactions with the steel surface and the
charging solution can impede hydrogen charging due to blocking of adsorption sites.12

However, the formation of FeO is only expected as an intermediate in the reduction
of hematite (α-Fe2O3) at temperatures above 150oC.21 One leading pathway for its formation
involves a 2-step reduction process, Fe2O3à Fe3O4à Fe, or alternatively, a 3-step reduction,
Fe2O3à Fe3O4àFeOà Fe.18 At mid-range temperatures (300-400 ⁰C), the 3-step reduction
process can terminate with FeO as the final product.22

On stainless steel, time of flight secondary ion mass spectrometry (TOF-SIMS)
indicated that the film both before and after cathodic charging was comprised of a mixture
of Cr2O3 and FeO. The intensity of the FeO signal was enhanced after cathodic charging,
suggesting the formation of an outer FeO phase, due to cathodic charging.23 It was claimed
that the permeation of H into the steel was influenced by the oxide thickness.

The aims of this study are (i) to determine the diffusivity of H in X65 carbon steel and
the role of ground-water cations/anions on the absorption and permeation of H; (ii) to
determine the role of absorbed atomic H and steel microstructure in the electrochemical
response and the speciation of surface oxides present on X65 and X70 carbon steels.
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5.2 Experimental

5.2.1 Materials and Electrode Preparation
5.2.1.1 Materials
Experiments were performed using X65 and X70 carbon steels; the ASTM
compositions are given in Table 1.
Table 5.1 Chemical composition of X65 and X70 carbon steels (ASTM compositions).

Material C

Si

Mn

P

S

V

Nb

Ti

Fe

X65

0.16

0.45

1.65

0.02

0.01

0.09

0.05

0.06

Bal

X70

0.17

0.45

1.75

0.02

0.01

0.10

0.05

0.06

Bal

5.2.1.2 Electrode Preparation
The X65 steel was supplied by NOVA Chemicals from a transport pipeline that had
previously been used by TransCanada Pipelines. The X70 steel was supplied from Evraz
(North America). Specimens to be used in electrochemical experiments were cut into 1 cm3
cubes and fixed in a Teflon holder using epoxy resin (Hysol resin EE4183; hardener
HD3561). The back of the electrode was threaded with a stainless-steel rod to provide
contact to external circuitry. The stainless-steel rod was sheathed in Teflon shrink tubing to
prevent contact with the solution. Prior to each experiment, the electrode surface was
ground with SiC papers with grit sizes down to P1200. Each electrode was subsequently
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sonicated in methanol for 10 seconds, rinsed with Type 1 water and dried in a flow of Ar gas.
Prior to experiments not involving cathodic charging, the electrodes were cathodically
cleaned at -1.3 V vs. a saturated calomel electrode (SCE) for 1 minute to remove any effect of
an air formed oxide on the electrochemical response of the surface, and then at -1.1 V vs. SCE
for 1 minute to allow the detachment of H2 bubbles formed at the more negative potential.
Devanathan-Stachurski (D-S) experiments were performed using 7 x 7 cm2 plates of
X65 machined to a ~2 mm thickness, with a surface area exposed to the solution equal to 23
cm2. Each side of the plate was ground to a P600 finish using SiC papers lubricated with
ethylene glycol to prevent corrosion during surface preparation. The samples were
subsequently washed with Type 1 water and dried in an Ar flow. A Pd layer (1 μm thick) was
subsequently deposited by vacuum sputtering on one side of the plate in order to prevent
the formation of an iron oxide during the D-S experiments.
5.2.2 Solution Composition and Preparation
Experiments in the 3-compartment electrochemical cell were carried out in a 0.1 M NaCl +
0.1 M HCO3-/CO32-solution. In the reduction compartment of the D-S cell, one of three
solutions were used; (i) NS4x2, (ii) NS4x2(Mg); and (iii) NS4x2(Ca), where NS4 is a simulated
Canadian groundwater, commonly used in Canadian pipeline studies. NS4x2 contains double
the concentration of all components of NS4 to increase solution conductivity, while
NS4x2(Mg) lacks the Ca-containing salt from NS4, and NS4x2(Ca) lacks the magnesiumcontaining salts from NS4. The solution compositions are listed in Table 2. The composition
of the solution used in the oxidation cell was 0.2 M NaOH. All solutions were prepared using
Type-1 water
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Table 5.2 Composition of solutions used in the reduction side of the D-S cell.
NaSO4

CaCl2

MgSO4

NaHCO3

NaCl

(mM)

(mM)

(mM)

(mM)

(mM)

NS4x2

---------

2

2

10

4

NS4x2(Mg)

2

------

2

10

4

NS4x2(Ca)

2

2

------

10

4

Solution

5.2.3 Electrochemical Cell and Equipment
Hydrogen permeation experiments were performed in a D-S cell comprising two
three-electrode compartments. Saturated calomel (SCE) reference electrodes were used in
both compartments and the counter electrodes were Pt sheets, spot welded to a Pt wire. The
reduction cell was controlled with a Solartron model 1284 potentiostat and the oxidation
cell with one channel of a Solartron model 1480 MultiStat. CorrWare® software was used to
control the experiments and to collect the data.
5.2.4 Electrochemical Procedures
During the D-S experiments, the steel surface exposed to the oxidation cell was first
pre-oxidized for 24 h to obtain a steady-state oxidation current. Subsequently, solution was
added to the reduction cell and a constant current of -15 mA applied for 5 to 7 days. When

129

the reduction cell was turned off, the oxidation current was allowed to decay to the steadystate value which prevailed during the pre-oxidation period.
Potentiodynamic polarization curves, cyclic voltammograms and linear polarization
resistance measurements were performed at a scan rate of 10 mV/min. Potentiodynamic
polarization curves were recorded from either -1.0 V or -1.1 V vs. SCE to various upper
potential limits. Cyclic voltammograms were recorded between initial and final potentials of
-1.1 V vs. SCE and various upper potential limits. The linear polarization resistance
measurements were performed by scanning the potential over a range of ± 10 mV from the
corrosion potential (Ecorr). Specimens for secondary ion mass spectrometry (SIMS) analyses
were cathodically charged in 99% D2O for 5 h at a current density of -15 mA/cm2 in a 0.1 M
borate solution.
Thermal desorption analysis (TDA) was carried out on specimens of the X65 steel
machined into 1 mm-thick, 10 mm-radius disks. All samples were galvanostatically charged
in a solution containing 0.1 M NaOH + 0.75 mM As2O3 at pH ~ 12.6 for 2 hours using a current
density of -10 mA/cm2. This solution inhibits the recombination of H atoms to H2 gas, thereby
promoting H absorption into the steel.
5.2.5 Surface Analytical Techniques
5.5.2.1 Scanning Electron Microscopy and Elemental Analysis
Scanning electron microscopy/energy dispersive X-ray (SEM/EDX) analyses were
carried out using a Hitachi SU3500 Variable Pressure SEM combined with an Oxford Aztec
X-Max50 SDD X-ray analyzer. All SEM/EDX analyses were carried out using an accelerating
voltage of 10 keV.
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5.5.2.2 Dynamic Secondary Ion Mass Spectroscopy
Dynamic SIMS experiments were performed on a Cameca IMS-3f ion microscope,
using Cs+ and O+ ion sources for sputtering in order to obtain deuterium imaging of a 150 μm
diameter circular area.
5.5.2.3 X-ray Photoelectron Spectroscopy
XPS experiments were conducted on a Kratos AXIS Ultra Spectrometer using a
monochromatic Al Kα (15 mA, 14 kV) radiation source (hν = 1486.6 eV). The metallic Au 4f7/2
binding energy (83.95 eV) was used as a reference point for calibration of the instrument
work function. When required, spectra were corrected for charging by setting the C-C peak
in the C 1s spectrum to 284.8 eV. Survey spectra and high-resolution spectra were recorded
for the Fe 2p, C 1s, and O 1s spectral regions. Spectra were analyzed using CasaXPS® software
which incorporated a Shirley background correction.
5.5.2.4 Thermal Desorption Analysis
TDA experiments were carried out in a Carbolite MTF Tube Furnace E1151 Type 301
Controller with a quartz tube of 1 cm diameter. Heating from room temperature up to 400°C
was performed using heating rates of 4°C/min, 7°C/min, and 10°C/min. A HYDROSTEEL
probe was used to measure the hydrogen release, and nitrogen gas was purged through the
tube furnace at a flow rate of 27 cm3/min for the duration of testing.
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5.3 Results and Discussion
5.3.1 Hydrogen Permeation
H permeation experiments were performed on the X65 steel using the three different
compositions of the solution in the reduction cell. The compositions are listed in Table 5.2
Figure 5.1 shows the currents measured on the oxidation side of the D-S cell; i.e., the
permeation current, for the three different reduction cell solution compositions (Table 2).
The oxidation current transient can be separated into 4 periods. Period 1 (up to 1 day)
corresponds to the pre-oxidation period of the steel, prior to the reduction cell being turned
on. During this period, the current was allowed to decay to an approximately steady-state
value (< 0.2 µA cm-2). During period 2 (1 to 1.5 days) the current rapidly increased, indicating
the breakthrough of H that was absorbed into the steel on the reduction side of the cell, and
then decreased sharply, suggesting a change in the condition of the steel surface. This was
followed by a gradual decrease in current over the subsequent period 3 (1.5 days to 5-7
days). Finally, when the current in the reduction cell was turned off, period 4, the permeation
current decayed back to the original steady-state value of < 0.2 μA cm-2 first established
during period 1 (5 to 7 days). The sharp peaks observed in period 2 have been attributed to
the initial presence of a thin oxide on the steel surface which can act as a degassing barrier
on the absorption surface and which can be removed as the oxide is reduced by the cathodic
process.24 The subsequent slow decrease during period 3 can then be attributed to the buildup of deposits on the steel entry surface.
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Figure 5.1. Oxidation currents measured during D-S experiments: the solution in the reduction
cell was NS4X2 (red), NS4X2 (Ca) (orange) and NS4X2 (Mg) (blue). Solution compositions are
given in Table 5.2.

In the NS4x2 solution, a steady-state current of ~ 0.25 μA.cm-2 was achieved after 5
days. When Mg salts were removed from the simulated groundwater, and only Ca salts were
present (NS4x2(Ca)), the permeation current exhibited a similar decrease during period 3
before more rapidly decreasing to a lower steady state value of ~ 0.17 μA.cm-2, which was
subsequently maintained until the current was switched off. When Mg salts were removed
from the simulated groundwater, and only Ca salts were present, the permeation current
decayed to a similar steady-state value to that eventually established in the NS4x2 solution
(region 3).
Fig 5.2 shows SEM micrographs of the steel surface recorded after each permeation
experiment. Figure 5.2(a) shows the steel surface after cathodic charging for 5 days in the
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NS4x2 solution. The surfaces were rinsed with Type-1 water and dried with argon prior to
analysis. The surface was covered by two distinct deposits with different morphologies. The
results of EDX analyses for a number of locations numbered in Figure 5.2 are listed in Table
3. The thin film uniformly covering the surface (location 1) was comprised dominantly of Fe
and Mg oxides/hydroxides. Analyses of locations 2 to 4 showed both deposits were
dominantly composed of Ca compounds.

b)

a)

7

2

5
8
1

3
4

500 μm

50 um

6

c)

9

12
10
11

200 um

Figure 5.2 SEM/EDX analyses of steel after exposure to the reduction cell with a) NS4X2, b) NS4X2(Mg),
c) NS4X2(Ca) solution.
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Figure 5.2(b) shows micrographs of the surface after charging in solution 2 (Table 3);
i.e., NS4x2(Mg). The EDX analyses of locations without an observable deposit (locations 5
and 8, Table 3) indicated a surface covered with a thin iron oxide layer. The deposits
(locations 6, and 7) were high in Mg and O suggesting they were Mg(OH)2. When Mg, rather
than Ca, salts were excluded, the general surface, locations 9 and 10 in the SEM micrograph,
Figure 5.2(c), appeared to be covered by a thin Fe oxide, while the deposits at locations 11
and 12 contained Ca, C, and O suggesting the presence of calcite (CaCO3).
Table 5.3 Elemental analysis of X65 after D-S experiments in NS4x2, NSx2(Mg), NS4x2(Ca)
Solution
Position Fe (wt%) C (wt%) O (wt%) Mg (wt%) Ca (wt%)
NS4x2

1

24.0

3.3

41.6

29.6

N/A

NS4x2

2

N/A

9.5

42.3

N/A

48.0

NS4x2

3

N/A

11.8

49.7

2.2

36.3

NS4x2

4

N/A

17.2

57.2

1.3

24.3

NS4x2(Mg) 5

93.0

N/A

3.8

2.5

N/A

NS4x2(Mg) 6

3.0

N/A

55.0

42.0

N/A

NS4x2(Mg) 7

41.8

N/A

40.9

17.3

N/A

NS4x2(Mg) 8

88.4

N/A

6.4

4.6

N/A

NS4x2(Ca)

9

88.5

3.7

3.7

N/A

0.8

NS4x2(Ca)

10

90.8

3.7

3.2

N/A

1.0
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Using the data from the permeation experiments (Figure 5.1), it was possible to
measure the H diffusivity coefficient and solubility as well as the density of trap sites using
the following relationships25-27
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where !"## is the effective hydrogen diffusivity (cm2 s-1), L the thickness of the steel
membrane (cm), tlag the time (s) at which the current reaches 63% of the final steady-state
current (Iss), Iss is the final steady-state current (µA cm-2), -. the concentration of trapped
hydrogen (mol cm-3), CH the hydrogen solubility (mol cm-3), Na Avogadro’s number, F
Faraday’s constant, Nt the density of hydrogen trap sites, and !@ the lattice diffusion
coefficient (2.75x10-6 cm2 s-1).28
The slower current decays observed during period 3 in the permeation
measurements in Figure 1 were attributed to the accumulation of Mg(OH)2 and CaCO3
deposits, both of which would be driven by the local pH increase at the steel surface due to
the reduction of H2O to H2 and OH-. A blockage of the sites at which H was produced would
lead to a decrease in the concentration of H absorbed in the surface of the steel and,
consequently, to a decreased flux of H through the steel and a decrease in the current for its
re-oxidation on the oxidation side of the cell.
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Since the EDX analyses showed Mg(OH)2 to be uniformly distributed on the steel surface,
it was likely the formation of this film which accounted for the gradual decrease in
permeation currents in period 3 although the complete blockage of some specific locations
by the accumulation of CaCO3 could also have contributed.17
Table 5.4 Hydrogen permeation parameters calculated for various reduction cell
compositions
Solution

Membrane Iss*0.63 (μA tlag
Thickness

Deff

CH

Nt

cm-2)

(s)

(cm2 s-1)

(mol cm-3)

(cm-3)

(cm)
NS4X2

0.184

5.46x10-6

3018 1.87x10-6

8.85 x10-6

8.37 x1017

NS4X2Ca

0.188

3.63x10-6

4676 1.26 x10-6

8.92 x10-6

2.12 x1017

NS4X2Mg

0.187

8.93x10-6

2892 2.02 x10-6

1.36 x10-6

9.98 x1017

The effective diffusion coefficient (Deff) for H was calculated by averaging the three
experiments and was determined to be ~ 1.7 x 10-6 cm2 s-1. The average value of Deff in Table
4 is 1.7 x 10-6 cm2 s-1 which is comparable with the published literature value of 9.49 x10-7
cm2 s-1.29 The discrepancy between the values can be attributed to different treatments of
the steel, such as heat treatments and cold working, which would lead to differences in the
number of trap sites. As well, the X65 steel used in this study had previously been in-service.
5.3.2 Influence of Absorbed H on the Electrochemistry of Steel
Previous studies30-34 have suggested that the oxide film on iron and steel is reduced,
not removed, on cathodic polarization, but the nature of the reduced surface and its influence
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on the subsequent corrosion of the steel remains to be clarified. To investigate the influence
of absorbed H on the steel behavior, specimens of X65 and X70 steels were cathodically
charged for various times at a current density of -15 mA cm-2 in a 0.1 M NaCl solution
containing a total carbonate concentration ([CO3]tot) of 0.2 M (pH 10) and then subjected to
a potentiodynamic polarization scan (PDP) from an initial potential of -1.1 V, scanning in the
positive direction to a potential at which the anodic film formed during the scan experienced
breakdown, as indicated by a major increase in current.
Figure 5.3 shows the PDPs recorded on the X65 and X70 steels after cathodic
charging at -15 mA cm-2 for various times. The scans were performed until a major current
increase occurred and can be separated into 4 distinct regions. In region 1 (-0.8 V to -0.6 V)
an anodic current was observed. This region can be considered a region of active Fe behavior
followed by the formation of a passive oxide in region 2, when a low current was observed.
In region 3 (~ -0.35 V to ~ -0.25 V) the current peak suggested the occurrence of a temporary
reactivation event before the re-establishment of passivity. In region 4 (≥ -0.2 V) the large
current increase indicated a final film breakdown event. The currents observed, and the
potentials at which they occurred, were dependent on both the extent of cathodic charging
and the nature of the steel.
The anodic current in region 1 was dependent on the time spent cathodically
charging the steels. For both steels, only a very shallow increase in current was observed in
the absence of cathodic charging, indicating limited active behavior, as expected in a neutral
solution. For the X65 steel, two distinct regions of anodic current, marked 1a and 1b in Figure
5.3, were enhanced after 30 min of cathodic charging. Also, notably, the cathodic current at
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< -0.9 V was substantially increased. After 5 h of charging, a very substantial increase in
anodic current was observed in region 1, predominantly in the more positive potential range
(1b), but the associated cathodic current (E < -0.9 V) was decreased. After 24 h of charging
both the cathodic (E ≤ -0.9 V) and anodic (regions 1a and 1b) currents were decreased.
Similar behavior of the current in region 1 with changes in the extent of charging was
observed on the X70 steel, but while the cathodic currents remained large the anodic
currents were substantially lower than on the X65 steel.
Previous studies on Fe without cathodic charging35-38 have attributed region 1(a) to the
formation of a porous Fe(OH)2 film formed by direct oxidation of the Fe surface according to
the reaction scheme:39-41
Fe + H2O → Fe(OH)ads + H+ + e-

(5.5)

Fe(OH)ads → FeOH+(s) + e-

(5.6)

FeOH+(s) + OH- → Fe(OH)2(s)

(5.7)

Currents in region 1(b) have been shown to be due to dissolution of FeOH+ as Fe2+,
FeOH+(s) + H+ → Fe2+(aq) + H2O

(5.8)

a process accelerated in HCO3-/CO32- solutions by the formation of carbonate complexes,35,42
e.g.,
FeOH+(s) + H+ + HCO3-(aq) → FeHCO3+(aq) + H2O

(5.9)
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On cathodically charged surfaces containing absorbed H, a current for the reoxidation of H
to H+, which was then released to the solution, was also possible.
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Figure 5.3 PDPs scans for X65 (left) and X70 (right) after various periods of cathodic charging at -15 mA
cm-2. Dashed lines represent i = 0 for each PDP.

To distinguish between Fe oxidation and hydrogen oxidation, cyclic voltammograms
were performed to various positive potential limits on electrodes that were cathodically
charged for 5 hours at -15 mA cm-2, Figure 5.4(a). When the potential was scanned from -1.1
V vs SCE to -0.7 V vs SCE and back to -1.1 V vs SCE, the current on the return scan was only
marginally changed, behavior consistent with the anodic dissolution of the steel on a
generally active surface. If the current had been due to the anodic oxidation of absorbed H,
then the current on the reverse scan would have been expected to be substantially lower,
since Habs would have been depleted in the surface of the steel on the forward scan. When
the scan was extended to -0.6 V, the current on the reverse scan was very low, consistent
with the formation of a passive, dominantly FeIII oxide when the potential entered region 2
(Figure 5.3). The slight increase in current in the potential range -0.6 V to -0.8 V on the
reverse scan confirmed that passivity was not completely established.
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Figure 5.4 a) CVs for X65 steel from -1.1 V to - 0.7 V (orange) and -0.6 V (blue) after 5 hours of

cathodic charging at -15 mA cm-2. b) CVs for X65 steel from -1.1 V to -0.6 V for two cycles after
5 hours of cathodic charging at -15 mA cm-2. Dashed lines represent i = 0 for each PDP
To confirm that the anodic current in region 1 was predominantly due to the anodic
dissolution of Fe rather than the oxidation of Habs, a pre-charged electrode (5 h, -15 mA
cm-2) was subjected to two consecutive scans from -1.1 V vs SCE to -0.6 V vs SCE, Figure
5.4(b). The current on the second scan was considerably larger than that on the first scan.
This was not consistent with a major contribution from the anodic oxidation of Habs which
would have been depleted during the first scan. The increased current can, therefore, be
attributed predominantly to the anodic dissolution of the steel. Based on these results the
CVs in Figure 5.4 indicated that a relatively short period of cathodic charging (at least up to
5 h) led to a major acceleration of the anodic dissolution of the X65 steel but a much smaller
acceleration of the dissolution on the X70 steel, as seen in Figure 5.3. Presently, the
suppression of anodic dissolution after an extended period of cathodic charging (24 h)
remains unexplained but occurred on both steels.
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Although not apparent on the scale on which Figure 5.4 was plotted, the current in
the passive region (2 in Figure 5.3) was also influenced by cathodic charging. Figure 6 shows
the currents recorded at a potential of -0.5 V in the PDP scans after different extents of
cathodic charging. The passive currents on both steels increased with the duration of the
period of charging with the influence on the passivity of the X65 steel being considerably
more marked than that on the X70 steel. The influence of charging became less marked after
the most extensive period of charging (24 h), suggesting the attainment of a steady-state
surface condition after an extended charging period.
Since the quality of the passive film was degraded (as indicated by the value of the
passive current, Figure 5.5, it was not surprising that the reactivation event (region 3) was
more marked on cathodically charged surfaces, and that the currents recorded for this
transient were up to an order of magnitude higher on the X65 than on the X70 steel. The
eventual film breakdown current recorded in region 4 (Figure 5.3) did not decrease with the
duration of cathodic charging, the lowest breakdown potential being observed for the
uncharged X65 steel. No clear relationship between breakdown potential and the extent of
charging was observed, although the range of breakdown potentials was slightly higher on
the X70 steel than on the X65 steel.
The nature of the passive film has been extensively investigated. Present
understanding suggests a bilayer film consisting of inner Fe3O4 and outer γ-Fe2O3 layers,43-45
probably with a gradation in composition from Fe3O4 at the steel/oxide interface to γ-Fe2O3
at the oxide/solution interface.
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Figure 5.5 Current densities measured for X65 and X70 steel at -0.5 V vs SCE after
various cathodic charging times (-15 mA cm-2).

5.3.2 Effects of Cathodic Charging on Steel Corrosion
Figure 5.6 shows the evolution of ECORR and RP for both steels after cathodic charging
at -15 mA cm-2 for 24 hours. A steady-state ECORR value of -0.84 V was rapidly established for
both steels with the value for the X65 being marginally lower (~ 5 mV lower) than that
recorded on the X70 steel. These values are very low (prior to Region 1(a), Figure 5.3)
suggesting the steel surface is not extensively oxidized (as discussed below in section 5.4.1).
As expected, based on this slight difference, the RP values are slightly lower for the X65 steel.
A slightly higher corrosion rate (µ RP-1) accompanied by a lower ECORR indicated a more rapid
anodic reaction (i.e., Fe2+ dissolution) on the X65 steel, consistent with the electrochemical
measurements. The decrease in corrosion rate (increase in RP) with time on open circuit
occurred without any significant change in ECORR, a combination indicating a transport-
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controlled process. In the present case, this could be attributed to the transport-controlled
release of absorbed H (as H+) from the steel with the slower change of RP for the X65 steel
reflecting a higher H content in reversible trap sites in this steel.
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Figure 5.6 Corrosion potential (ECORR) and polarization resistance (RP) measurements on X65
(orange) and X70 (blue) after cathodic charging (-15 mA cm-2 for 5 h).
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5.4 Surface Analysis
5.4.1 X-ray Photoelectron Spectroscopy
To determine the influence of cathodic charging on the subsequent anodic formation
of a passive film, electrodes were charged at a current of -15 mA cm-2 for 5 h and then
subjected to PDP scans to various positive potential limits ranging from a value in the region
of peak 1(a) to well into the passive region (region 2) (-0.68 V to -0.58 V), Figure 5.7.
Subsequently, the electrodes were analyzed by XPS with an emphasis on the Fe 2p peak. An
example of a fitted high-resolution Fe 2p3/2 peak, corrected for the background and
deconvoluted into contributions from metallic Fe and the various oxides is shown in Figure
5.8. The spectrum exhibited a broad peak centered around 713 eV, attributable to the
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Figure 5.7 PDP scans for X65 steel to various positive potential limits after
cathodic polarization (-15 mA cm-2 for 5 h).
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presence of the various oxides, and a small peak at ~706 eV, sometimes only visible as a
shoulder, assigned to the substrate Fe.
The binding energies in the oxide peak range from 709.5 eV for FeO to progressively
higher values for Fe3O4 and Fe2O3. The basis for fitting Fe 2p spectra was developed by Gupta
and Sen (GS),46 and Grosvenor et al.47 The parameters used in this study for FeO, Fe2O3, and
Fe3O4 were from Biesinger et al.48 No reasonable fit could be achieved by including an iron
oxy-hydroxide in the Fe 2p3/2 spectra. The contribution from each iron oxide was
determined by summing peak areas of each iron oxide. Peaks 1 to 4 were summed to
determine the total contribution of FeO, while peaks 1 to 5 were used to determine the
respective contributions of Fe2O3 and Fe3O4.
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Figure 5.8 XPS Fe 2p spectrum recorded on X65 steel after cathodic charging (15mA cm-2, 5 h) followed by a PDP scan (-1.1 V vs SCE to -0.58 V vs SCE).
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Table 5.5 shows the percentage compositions of the Fe species in the electrode
surface after PDP scans to various potential limits. Irrespective of this potential limit, the
peak at ~ 706 eV, indicating the detection of the Fe substrate, remained visible in the spectra,
demonstrating that any oxide film present was < 10 nm in thickness.49 While the γ-Fe2O3
content did not vary significantly with potential limit, possibly due to some air oxidation of
the surface during transfer of the electrodes to the spectrometer, the Fe3O4 and FeO contents
did. The most consistent trend was the increase in FeO content as the positive potential limit
was increased. Although somewhat erratic, there was some evidence that this increase was
inversely related to the Fe3O4 content of the surface, suggesting FeO was formed at the
expense of Fe3O4.
Since passivity is associated with the presence of an FeIII-dominated oxide, the increased
FeO content indicated the presence of an oxide which became increasingly defective when
the Fe surface was H charged. This would account for the increase in the current density in
region 2 where passivity is expected, Figure 5.5, with the extent of cathodic charging. A
possible explanation would be that, while the majority of the anodic current led to the
formation of FeII and its release to solution as carbonate complexes, the anodic formation of
FeIII on/within the surface oxide was retarded/reversed by reaction with absorbed H,
leading to the release of H+. This would be consistent with the high FeO content of the oxide
film in the passive region, Table 5.5. It could also account for the enhanced current for Fe2+
release in region 1(b) (Figure 5.3) since it would maximize the FeII content of the surface,
thereby facilitating its dissolution while limiting the formation of Fe3O4 (FeIIFeIII2O4) which
would have retarded dissolution.
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Table 5.5 Surface composition of X65 steel after cathodic charging (-15 mA cm-2, 5 h)
followed by PDP scans to increasingly positive potential limits.
Positive Potential Limit

FeO (%)

Fe2O3 (%)

Fe3O4 (%)

Base Metal (%)

Sample 1 (-0.69 V)

26.5

18.6

30.4

24.5

Sample 2 (-0.68 V)

32.7

19.5

8.2

39.6

Sample 3 (-0.65 V)

42.5

17.9

37.2

2.4

Sample 4 (-0.58 V)

65.8

18.4

0

12.9

The reactivation event observed in region 3, Figure 5.3, has previously been attributed to
a film restructuring involving the conversion of the Fe3O4 at the steel/oxide interface to
γ-FeOOH.50 In the present experiments this temporary reactivation was most prominent
after cathodic charging, especially after 5 h of charging, when the current in region 1(b)
became very large and the passive current in region 2 had achieved a maximum value; i.e.,
when the protectiveness of the passive film was most significantly degraded. Since the
dominant oxide was FeO, it is possible the temporary reactivation could be attributed to the
conversion of this oxide to an FeIII oxide or oxyhydroxide.
Previous studies have shown that the anodic conversion of the inner regions of the
oxide film to γ-FeOOH led to structural changes within the film.50 It was not surprising that
this conversion was most prominent when the influence of H absorption was most marked,
and the passive film less resistive due to its enhanced FeO content. As observed for the
processes in the other potential regions, this process was much more prominent on the X65
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steel than the X70 steel. The subsequent film breakdown observed in region 4 did not seem
clearly influenced by the cathodic charging process but tended to require a higher potential
on X70 steel than on X65 steel, suggesting a more stable film on the former than on the latter.
This would be consistent with the general observation that the behavior of X70 steel was less
sensitive to H charging than was that of the X65 steel.
5.4.2 Secondary Ion Mass Spectroscopy Depth Profiles
Dynamic SIMS experiments were carried out to determine qualitatively the H content
already trapped within the steel, allowing the determination of whether cathodic charging
of the steel increased the H concentration, and to estimate the rate at which hydrogen
desorbs from the steel. Figure 5.9 shows the H:Fe (ratio) determined by dynamic SIMS
analysis of samples subjected to different pre-treatments. The profiles indicate that the asreceived sample contained more H than the Ar-annealed sample. Using a thermal desorption
H analyzer 3 samples were melted and the total amount of H was measured. The H
concentration in the as-received sample was determined to be 1.32 ± 0.42 ppm. Given the
long period of time between reception of the samples and their analysis, the observed H was
likely trapped at irreversible trapping sites. Subsequently, this trapped H was removed by
annealing. Annealing samples in aerated and oxygen-free conditions led to different amounts
and distributions of H in the steel, Figure 5.9.
Dynamic SIMS analysis of the samples charged with H showed that the concentration
of H was greater than that in the as-received samples and the sample annealed under an Ar
atmosphere. The maximum H:Fe ratio remained the same (H:Fe = 0.73) after short (2 h) and
long (48 h) charging times. The depth profiles showed that the peak in the H:Fe ratio was
dependent on the time between charging and when the dynamic SIMS experiment was
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performed. The longer the time between charging and the analysis by dynamic SIMS the
more H could diffuse out of the sample before analysis. Diffusion of H could also have caused
a decrease in the H:Fe ratio and a change in the depth at which the maximum ratio was
detected.

Figure 5.9 Dynamic SIMS depth profiles of: (H:Fe) recorded on X65 after various
pre-treatments (blue: as-received, red: annealed in air, green: annealed in argon,
black: 48 hour charging at -15 mA cm-2, pink: 2 hour charging at -15 mA cm-2,
dark blue: -15 mA cm-2 then left to de-gas for 6 hours in air.

5.4.3 Secondary Ion Mass Spectroscopy Deuterium Mapping
Figure 5.10 shows SIMS deuterium (D) maps for cathodically-charged X65 and X70
specimens at the steel surface and after 4 minutes of sputtering (removal of 8 to 10 μm of
the surface), after the steel had been left in air for 1 day (X65) and 2 days (X70). During
exposure to air, some of the reversibly trapped D would have been released, however, maps
of the surface indicates that the surface remained saturated in deuterium. Comparison of the
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sputtered samples of the X65 and X70 specimens indicates that more D remained trapped
within the X65 sample than in the X70. Figure 5.11 shows an optical image of the X65 steel
with the ferrite grains shown as light and the pearlite as dark, with the ferrite/pearlite ratio
being ~3.6.51 Although the D mapped area of the surface was not the same as that shown in
the micrograph, a comparison suggested the D was associated with the ferrite/pearlite grain
boundaries. The greater susceptibility to D trapping of the X65 steel compared to the X70
steel can be attributed to their differences in ferrite content (78.3% for X65 steel compared
to 99.2% for X70 steel).

Figure 5.10 Dynamic SIMS imaging of: (A) X65 near surface; (B) X65 after 8-10 µm of sputtering; (C) X70 near
surface; (D) X70 after 8-10 µm of sputtering; after cathodic charging with D2O for 5 h, -15mA cm-2 followed by 1
day in air (X65), 2 days in air (X70). The lines indicate the 150 μm diameter of the analyzed area.
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Figure 5.11 Figure 12. Optical image of X65 steel showing ferrite
and pearlite (black) locations.51

5.4.4 Thermal Desorption Analysis
Thermal desorption analysis was performed to determine the state of H within the
steel. Figure 5.12 shows the TDA profiles for H-charged X65 steel specimens at three heating
rates. The initially rapid desorption rates at the two lower heating rates suggested the
release of randomly distributed reversibly trapped H had occurred. The temperature at
which the peak flux was observed increased with heating rate.
The activation energy for the desorption of H can be calculated using the expression.52
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Where Φ is the heating rate (K/min), Tmax is the peak temperature (K), EA is the activation
energy for hydrogen desorption from the specific trap associated with Tmax (J/mol) and R is
the gas constant (J/K·mol).
From the relationship between ln (φ/Tmax2) and 1/Tmax, the activation energy for H
desorption was calculated to be EA= 13.1 kJ/mol. This value is consistent with the release of
H from grain boundaries, most likely those between ferrite and pearlite grains as suggested
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Figure 5.12 Thermal desorption of H2 from X65 after cathodic charging (-15 mA cm-2 5 h),
at various heating rates.

This offers an explanation for the difference in the behavior of the two steels when
cathodically charged. In the X65 steel the percentage of ferrite was 78.3%, with the
remaining 21.7% being pearlite, offering a high density of ferrite/pearlite boundaries for H
trapping. By contrast the X70 steel was dominantly ferrite (99.2%), with the residual 0.8%
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being bainite. In support of this argument, the peak for the desorption of H from the X70 steel
(at a heating rate of 10°C/min) was slightly lower (~340 K) than for desorption from the X65
steel (~356 K).
5.5 Summary and Conclusions:
The influences of surface oxide films and mineral deposits on H absorption and
permeation through pipeline steels have been studied in solutions similar to a commonly
used simulated Canadian groundwater.
•

The formation of deposits, CaCO3 (calcite) and Mg(OH)2 (brucite), which could form
when pipeline coatings fail and cathodic overprotection occurs, appeared to suppress
H absorption (Mg(OH)2 partially, CaCO3 completely), thereby limiting H permeation
within the steel.

•

H absorption, induced by cathodic polarization, degraded the properties of surface
oxide films. This led to enhanced metal dissolution and increased passive current
densities. Surface analyses demonstrated that this was due to the inhibition of the
formation of protective FeIIIoxides, most likely due to the reduction of FeIII to FeII in
the oxides, induced by the oxidation of absorbed H to H+.

•

Dynamic SIMS and TDA experiments performed on the X65 steel (78.3%
ferrite/21.7% pearlite) indicated that transportable H was most likely located at
ferrite/pearlite grain boundaries.

•

The infuence of H was significantly greater on the X65 steel than on the X70 steel,
Since the latter steel is dominantly ferrite with only small amounts of bainite (0.8%),
this supports the argument that transportable H was promoted in ferrite/pearlite
steels such as X65.
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•

That absorbed H has a larger influence on the corrosion of X65 steel than it does on
corrosion of X70 steel was confirmed by corrosion potential and polarization
resistance measurements.
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6
The Role of Microstructure and Crystallography on Crack Propagation in X65
Pipeline Steel
6.1 Introduction
The degradation and failure of pipelines due to physical and chemical factors is an ongoing problem in the oil and gas industry. Chemical factors, which lead to corrosion, tend to
have negative effects on the integrity of pipelines. Typically, it is possible to monitor general
corrosion through different techniques such as open circuit measurements or
electrochemical impedance spectroscopy. More worrisome than general corrosion is
localized corrosion on an apparently passive surface. When an alloy forms a passive oxide,
localized corrosion, such as pitting and crevice corrosion, can occur. Localized corrosion can
be difficult to monitor and measure. Measured corrosion rates, which are typically reliable
for general corrosion, commonly under-estimate the penetrative depth of localized
corrosion.
A combination of corrosive environments and applied tensile stresses can lead to
different types of crack failure such as hydrogen induced cracking (HIC) and stress corrosion
cracking (SCC) and sulphide-induced stress corrosion cracking (SSC). Of particular
importance within the oil and gas industry, is SCC and a subset of SCC, corrosion fatigue (CF).
SCC is defined as the failure of an alloy when exposed to a corrosive environment while under
static tensile stress. While typically an alloy will only be exposed to stresses below its
mechanical failure stress, a corrosive environment can lead to failure at stress levels below
the alloy yield strength. Corrosion fatigue is similar to SCC except that the applied tensile
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stressors are cyclical, as opposed to static, in nature. Corrosion fatigue is a greater concern
than SCC to the oil and gas sector since cyclical stresses are more commonly encountered.
CF/SCC can occur in soils which are acidic, near-neutral pH, or alkaline. In Canada, the
groundwater most likely to contact the pipeline surface is expected to be near-neutral and
to occur at locations where either cathodic protection fails or coatings disband with both
commonly occurring together.
Solutions under disbonded coatings are dilute bicarbonate solutions containing
dissolved CO2 with the pH range from 5.5 to 7.5.1, 2 Typically, crack initiation occurs at pits
which are formed at discontinuities in the material lattice such as inclusions and grain
boundaries. Small differences in alloy composition, especially at grain boundaries, can affect
the susceptibility to localized corrosion. Further, besides composition, the alloy
microstructure, and grain boundary quality have been shown to affect localized pitting.
Random (high-angle, high-energy) grain boundaries have been shown to be more
susceptible to inter-granular corrosion (IGC) than lattices with a high degree of symmetry
between adjacent grains (i.e., a coincident site lattice (CSL)). A CSL can have symmetrical
overlap of varying degrees which range from ∑ 3 to ∑ 30, where the number following ∑
defines the reciprocal of the density of coincident sites. The microstructure of pipeline steels
has been shown to influence the location of localized corrosion. Pearlitic colonies and banded
structures (such as bainite, pearlite or martensite) have been shown to be more susceptible
to corrosion when no cathodic protection is applied.3 Crack propagation has been shown to
be influenced by grain texture and orientation, microstructure and grain boundaries.
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Crack propagation can proceed by one of two pathways; transgranular cracking
(TGC) or intergranular cracking (IGC), with grain texture influencing the susceptibility to
crack propagation. Grains with an orientation of 110 and 111, and parallel to the rolling
plane, have been shown to be resistant to IGA due to their low energy configurations.4 The
microstructure of, and secondary phases in, steel are known to effect the type of crack
propagation that occurs. When encountered by the crack, pearlite can act as a cathode at the
crack tip, which weakens the local microstructure and allows the crack to propagate along
grain boundaries with ferrite. However, pearlite with a favourable lamellar orientation to
the crack pathway can allow TGA to occur.5 High angle boundaries (HAB) are well known to
have higher energy than low angle boundaries (LAB)6, and hence the propagation of intergranular stress corrosion cracking (IGSCC) tends to favour high-angle grain boundaries.
Further, when a crack encounters a CSL/LAB crack growth can be retarded.7 Crack
propagation will be dependent on the external stressors applied to the alloy in a corrosive
environment.
Sustained loads on pre-cracked samples in corrosive environments may not always
lead to SCC on pipeline steels.8 However, the presence of cyclical applied tensile stressors, a
ripple load effect (RLE), can lead to corrosion fatigue. Ripple loading during fatigue testing
refers to the application of a cyclic load at a high stress ratio. The latter is termed the R ratio
defined as the ratio of the minimum stress experienced during a cycle to the maximum stress
during the cycle. When fatigue testing employs an R-ratio > 0.9, corrosion fatigue in precracked pipeline specimens will occur leading to crack propagation.9 This study aims to
investigate the influence of grain boundaries, microstructure and texture on crack
propagation using mini-compact tensile (MCT) specimens.
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6.2 Experimental

6.2.1 Materials and Electrode Preparation

Experiments were performed using X65 carbon steel: the ASTM composition is given
in Table 6.1.
Table 6.1 Chemical Composition of X65 (ASTM).
Material C

Si

Mn

P

S

V

Nb

Ti

Fe

X65

0.45

1.65

0.02

0.01

0.09

0.05

0.06

Bal

0.16

The X65 steel was supplied by NOVA Chemicals and was cut from a transport pipeline
previously used by TransCanada Pipelines. Miniature MCT specimens were machined with
the dimensional ratios prescribed by the American Society for testing and materials, ASTM
E399, maintained, Figure 6.1.
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b)

a)

Figure 6.1 Dimensional configuration (cm) of a) a conventional CT specimen; b) the
miniature CT specimen used in this study. The mini-CT specimen was scaled down to 40 %
of the conventional CT specimen.

Prior to an experiment, the surface of a specimen (formerly the pipeline exterior) was
ground with a series of SiC papers with grit sizes from p320 to p2400 followed by a fine
polish with a 1 µm diamond abrasive. Precracked (in air) specimens were prepared at NOVA
Chemicals Corporation (Calgary) using the ASTM E647 standard procedure. A stress
intensity factor of 24 MPa/m1/2 was used at a frequency of 1 Hz and an R factor of 0.5. The
total number of fatigue cycles determined the length of the crack. The loading spectrum was
controlled using Wintest software.
Subsequently, experiments involving the ripple loading of precracked specimens
were conducted in a jacketed acrylic corrosion cell in a simulated Canadian groundwater
(NS4, Table 1). This solution was purged with a mixture of 5% CO2 and 95% N2 (pH in the
range 6.7 to 7.2). The loading protocol involved a stress intensity factor of 33 MPa m1/2 with
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an R value of 0.6 and a frequency of 0.001 Hz, and a total number of test cycles up to 6048.
Due to an R value of 0.6, the crack blunted, and the experiments were performed a second
time with a R value of 0.9.
6.2.2 Solution Composition and Preparation
The NS4 solution, a typical Canadian test solution for near-neutral pH SCC
investigations, was used throughout this study. 10 The composition of the solution is listed in
Table 6.2. The solution was purged with a mixture of 5% CO2 and 95% N2 during the test to
create a carbonated anaerobic environment. The electrolyte solution had a pH between 6.7
and 7.2.

Table 6.2 Composition of the NS4 solution.
Chemical

Concentration(mol/l)

KCl

0.0016

NaHCO3

0.0057

CaCl2.2H2O

0.0012

MgSO4.7H2O

0.0005
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6.2.3 Surface Analytical Techniques:
6.2.3.1 Scanning Electron Microscopy and Electron Back Scatter Diffraction
A field emission scanning electron microscope (Hitachi SU6600) was used to record
scanning electron micrographs (SEM) and for electron back scatter diffraction (EBSD)
measurements. EBSD maps were obtained using an Oxford Instruments Nordlys EBSD
detector employing a step size of 300 nm, with an applied voltage and beam current of 20 kV
and 8 nA, respectively. The mini-CT specimen was tilted to 70° and raised to a working
distance of 19 mm. Oxford HKL Channel 5 EBSD software, and the provided crystallographic
database (i.e., BCC iron), were used to index diffraction band edges with 5-7 Kikuchi bands
and a Hough Transform of 80, of recorded EBSD patterns. Surfaces were prepared for EBSD
by etching in 3% Nital solution (3% nitric acid in ethanol) followed by vibratory polishing
using colloidal silica until the surfaces were smooth enough to obtain > 75% indexing by
EBSD.

6.2.3.2. Raman Spectroscopy

To analyze corrosion products, Raman spectra were recorded using a Renishaw InVia
Reflex. A 633 nm wavelength He-Ne laser and 1800 l/mm grating. Spectra were recorded at
0.01% laser power to prevent oxidization of the corrosion product deposits. A 30-second
scan was used to record spectra over the wavenumber range 180 cm-1 to 1000 cm-1. Spectra
were calibrated using the 520 cm-1 line of a Si wafer.
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6.3 Results and Discussion

6.3.1 Crack Propagation in Air

Figure 6.2 shows micrographs of sample 1, which was pre-cracked in air to yield a
crack length of 887 μm. The micrograph of the crack tip indicated that the crack propagation
pathway in a non-corrosive environment could be both intergranular and transgranular. To
evaluate the role of microstructure on the crack propagation, EBSD mapping was performed
along the entire crack length, Figure 6.3. The SEM data show that the crack did not
distinguish between the grain orientations.

a)

b)

Figure 6.1. a) Micrographs showing the morphology of sample 1 pre-cracked in air: b) a high resolution
micrograph of the crack tip pre-cracked in air.

The X65 steel contained both high energy high-angle grain boundaries and Ʃ grain
boundaries. Figure 6.4 shows the grain boundary analysis carried out along the crack in this
specimen (1). Analysis of the grain boundaries indicated only 8.6% were Ʃ boundaries, the
remaining 91.4% being high-energy, high-angle random boundaries. Figure 6.4 suggests that
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the crack propagated mostly through high-energy, high-angle boundaries. Figure 6.5 shows
that the misorientation between two grains on opposite sides of the crack was 58⁰,
supporting the claim that the grain boundary was a high-energy, high-angle one that This
observation was consistent with previous research, in which it was considered that the Ʃ and
low-angle boundaries were more resistant to crack propagation than high-angle random
grain boundaries due to their lower energy.11,12 However, due to the small size of the grains
and the very high number of high-angle boundaries, this observation cannot be considered
definitive.

a)

200 μm
μm

b)

100 μm

Figure 6.3 a) IPF EBSD map of sample 1 recorded along the crack path; b) High Res IPF EBSD map of the
area in the black box in a).

c)

b)

a)

Figure 6.4. a) EBSD grain boundary map of sample 1 showing Ʃ grain boundaries (red) and random grain

boxed area in

boundaries (yellow) b) SEM micrograph of the crack propagation, c) high resolution map of the

8 μm
μm

50
μm

50
μm
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b)

a)

25 μm

Figure 6.5 Misorientation line scan across two grains on opposite sides of the crack in sample 1
showing a misorientation of 58⁰ of MCT-6.

6.3.2 Crack Propagation under SCC conditions

A number of samples were pre-fatigued until the crack tip was at different distances
from the notch in the machined specimen. Subsequent EBSD analyses confirmed that the
strain at locations at the front of the crack did not vary with the crack length. A more detailed
analysis of a series of pre-fatigued specimens demonstrated that crack propagation occurred
preferentially along grain boundaries between ferrite grains by IGA. However, when large or
interconnected colonies of pearlite were encountered the crack propagated by TGA, Figure
6.6. As a consequence of its cementite content, pearlite grains are brittle compared to the
ferrite grains, a feature which could cause them to be more susceptible to TGA.
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a)

b)

10 μm

10 μm

Figure 6.6 (a) Micrograph of an area on the pre-fatigue cracked sample 2 showing IGA at ferrite grains and
TGA at pearlite grains, (b) Micrograph of a second area on sample 2 confirming that, after cracking in air, IGA
occurred at ferrite grains and TGA at pearlite grains. Blue arrows show examples of IGA and orange arrows
show examples of TGA. The symbols (+) and X and Y numbers are markers placed on the surface in order to
assist in finding specific locations on the samples.

a)

b)

30 μm

2.5 μm

Figure 6.7. Micrographs of sample 3 (a) before SCC and (b) after blunting due to SCC. (the black arrow indicates
the crack tip, and the white arrows indicate marker grains which were used to confirm that crack did not
propagate further).

After pre-fatigue cracking a number of specimens were subjected to SCC under ripple
load conditions. For one specimen the stress intensity factor was too low and the crack
blunted by corrosion and did not grow further, Figure 6.7. The other two specimens were
subjected to a second period of SCC at an increased stress intensity leading to further growth
of the crack.
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Figure 6.8 shows BSE micrographs of the crack tip in a specimen prior to removing
the corrosion product. The tip of the blunted crack after the first period of SCC (old crack)
and the extended tip of the crack after the second period of SCC are indicated by the arrows
in Figure 6.8(c). Figure 6.9 shows an area of the surface of this specimen after focused ion
beam polishing. The focused ion beam successfully removed the corrosion product but the
polishing lines left behind due to the “curtaining” effect prevented EBSD mapping of the
surface. Consequently, vibratory polishing was used to remove the corrosion products from
sample 2 to allow EBSD analysis, with Figure 6.10 showing the presence of pits once the

a)

b)

20 μm

c)

Old Crack Tip

8 μm

d)

New Crack Tip
20 μm

8 μm

Figure 6.8 a) High resolution BSE micrograph of the crack tip on sample 2 after being subjected to
repeated periods of SCC; b) High resolution micrograph of the crack tip area (within the green box
in (a)). c) High resolution BSE micrograph of the crack tip on sample 3 after being subjected to
repeated periods of SCC; d) High resolution BSE micrograph of the crack tip (within the red box in
(c)).
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20 μm

Figure 6.9 Micrograph of the SCC-corroded sample 1 after ion beam polishing showing the
“curtained” area caused.

100 μm

SCC crack
propagation

Figure 6.10 Micrograph of the sample 2 after the sample was pre-cracked in air and subsequently
cracked under SCC conditions. The blue arrow shows the crack tip when the sample was pre-cracked in
air, the orange arrow shows the crack propagation during SCC.

corrosion product was removed. To determine whether there was any correlation between
microstructure and crack propagation, EBSD was performed along the crack pathway, Figure
6.11. Extensive pitting (seen in the images as black locations) were visible around the crack.
An area along the crack that experienced the least pitting was chosen for EBSD mapping.
Figure 6.11 shows the EBSD strain (a), EBSD IPF (b) and EBSD misorientation maps (c)
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obtained along the crack pathway after SCC. The IPF map (b) shows that the crack propagated
by both IGA and TGA along the surface grains, with TGA observed most commonly either
directly before or after a pit along the crack pathway. When the crack propagated where a pit
had not corroded away an adjacent grain the preferred propagation pathway appeared to be

Figure 6.11. EBSD maps of sample 2 after SCC in NS4 solution; (a) EBSD strain map; (b) EBSD IPF Map; (c) EBSD
misorientation map.

=50 µm; Loc a l Misorie nta tion; Ste p=0.35 µm; Grid467x111

50 μm
Increasing
misorientat
ion

Local misorientation (°)

c)

50 μm

Increasing
strain

b)

a)

Strain Contouring (°)

50 μm

=50 µm; IPF; Step=0.35 µm; Grid467x111

=50 µm; Ma p14; Ste p=0.35 µm; Grid467x111

by IGA. The strain (a) and misorientation (c) maps show residual stress and higher
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misorientation along the crack pathway. Whether stress and higher misorientation were due
to the crack propagation or were present before its propagation remains uncertain. However,
their presence along the crack did suggest that the high level of misorientation may influence
the crack pathway.
If the crack propagated along the XY plane, cracking would also have occurred in the
Z direction. To investigate the crack propagation at subsurface locations the corrosion
product was removed by wet (H2O) grinding with 1200 grit and 2400 grit SiC papers, and
the surface re-prepared for EBSD. Figure 6.12 shows the misorientation (a), strain (b) and
IPF (c) maps recorded after the top layer of the surface had been removed. Hence, in these
images only the interior surface of the crack had been exposed to solution during the fatiguecracking process. The IPF map (Figure 6.12(c)) shows that the crack propagated in almost a
straight line with no apparent preference for IGC or TGC pathways. This was different to the
crack propagation observed after fatigue cracking but prior to corrosion, Figure 6. However,
it was possible that propagation at this depth in to the sample was determined by how the
crack propagates on the surface. The strain map (Figure 6.12(b)) detected no high strain
build up around the crack while any strain that remained was concentrated on the crack
edges. The high-stress area indicated by the red area at the left top of Figure 6.12(b) was
most likely an artifact due to the low level of indexing in the EBSD map. The local
misorientation map (Figure 6.12(a)) shows that in the well-indexed areas the local
misorientation was randomly distributed through the mapped area and did not affect the
direction of crack propagation.

c)

b)

a)

50 μm

50 μm

50 μm

=50 µm; IPF; Step=0.15 µm; Grid1051x249

=50 µm; Stra in Contour; Ste p=0.15 µm; Grid1051x249

=50 µm; Local Misorientation; Step=0.15 µm; Grid1051x249

Figure 6.12 EBSD maps recorded on sample 4 after preparation for EBSD following SCC a) IPF, b) strain contour,
and c) local misorientation maps.

Increasing
strain

Strain Contouring

Increasing
misorientation

Local misorientation (°)
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SEM/EDS and Raman spectroscopy were performed on the corrosion products on both

the surface of sample 4 and at locations within the fracture. This specimen was chosen since
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it was only subjected to SCC once and, therefore, had a thinner surface deposit making the
crack visible. Figure 6.13(a) shows a micrograph of a location at which the crack had
widened. The Raman spectrum shown in Figure 6.13(b) confirmed that the deposit outside
the crack was a mixture of FeIII oxides and oxyhydroxides (g-Fe2O3, α-FeOOH, g-FeOOH) (200
to 500 cm-1)13 with the peak at ~ 680 cm-1 suggesting Fe3O4 may also have been present.14 A
spectrum, Figure 6.13(c), and Raman map, Figure 6.13(d), show the deposition of siderite
(FeCO3) occurred within the crack.15 Whether the siderite was deposited during crack
propagation or on completion of the experiment and drying of the sample was uncertain.
However, since the crack tip would have a localized acidic pH, at which siderite would have
been unstable, it seems unlikely it formed during crack propagation.16, 17 The EDS analysis,
Figure 6.13(e), of an area that have widened as a consequence of crack propagation during
SCC indicated the presence of Mn, Mg, S, Ca, and Si. Mn and S were most likely associated
with inclusions in the steel. This suggests that, once the crack encountered an inclusion, its
removal widened the crack which then sharpened again once the crack advanced beyond the
inclusion.
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b) (b)

a)

15 μm

(c)

c)

d)

40 μm

e)

Figure 6.13. (a) High resolution micrograph of the crack tip on sample 4 after a period of SCC;
(b) Raman spectrum of steel surface after SCC; (c) Raman spectrum from the mapped area in
(d) demonstrating the presence of siderite (by comparison to a standard spectrum for this
phase); (d) optical/Raman imaging of the crack tip after SCC showing the location of siderite;
(e) elemental analysis of the “red” area in (d).
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6.4 Summary and Conclusions

The influence of crack propagation in air and under SCC conditions in X65 steel was
investigated. The microstructure of the crack dictates the crack propagation in air. In SCC
conditions pits dictate crack propagation compared to the microstructure of the steel.

•

The X65 pipeline steel investigated was comprised primarily of high angle, high
energy grain boundaries which were more susceptible to IGA than S grain
boundaries.

•

Crack propagation in air occurred primarily intergranularly in the presence of ferrite
grains and transgranularly in the presence of pearlitic grains.

•

Under SCC conditions cracks did not propagate preferentially along boundaries
between grains with specific orientations. However, the presence of pits may have
influenced whether a crack propagated by IGA or TGA.

•

Surface analyses indicated the presence of siderite where crack widening occurred at
inclusions during SCC. These inclusions may be areas where the crack can start to
propagate by TGA even in the presence of ferrite grains.
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7
Conclusions and Future Work
7.1 Summary and Conclusions
The primary goals of this research were to: (1) understand the role of competing
anions, in particular HCO3-/CO32- and SH- on the electrochemistry and corrosion of steel; (2)
investigate the mechanism of corrosion in slightly alkaline environments containing HCO3/CO32- and SH-; (3) investigate the absorption of hydrogen into carbon steel and its influence
on metal dissolution and the properties of passive oxide films; and (4) understand the role
of microstructure on crack propagation under fatigue conditions.
Anodic dissolution of steel, in the absence of SH-, is accelerated proportionally to the
amount of carbonate present and is inversely correlated to the pH of the solution. At a pH >=
9 passivity can be maintained at positive potentials, however, at a pH =< 8 the passive film
breaks down leading to hydrolysis, the dissolution of Fe3+, and loss of passivity. Small
amounts of SH- (< 10-6 M) can displace OH-ads on the steel surface which interferes with the
phase transition from Fe(OH)2 to Fe3O4 leading to enhanced anodic dissolution of Fe as
FeHCO3+. At more positive potentials, SH- can interfere with the passive Fe2O3 layer by
reducing FeIII to FeII leading to anodic dissolution and the generation of sulphide radicals
(S•-). These radicals can further reduce FeIII to FeII and generate polysulphides and sulfate.
The ability for γ-Fe2O3 to resist chemical reduction by SH- is dependent on the [HCO3-], [SH-]
and pH. At pH 10 the FeIII layer is electrochemically stabilized and passivity maintained at
positive potentials. At positive potentials at pH 9 and pH 8, passivity is not enforced and the
mackinawite formed becomes partially oxidized. Additionally, at pH 9 and pH 8 the
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dissolution Fe3+ leads to a small amount of non-passive FeIIoxides and FeIIIoxides and
copious amounts of FeS particulates which are unattached on the surface.
Under corrosion conditions in the absence of SH-, exposure of carbon steel (absent an
applied potential) to HCO3-/CO32- leads to the formation of cubic siderite crystals and a thin,
partially protective, Fe3O4 layer. The addition of SH-, irrespective of the presence of an oxide
or siderite, establishes active corrosion conditions due to the rapid reduction of any
protective Fe3O4 layer. Whether or not conversion of siderite to mackinawite occurred could
not be determined. Any mackinawite formed directly on the steel surface appears to be more
protective than the particulate form which deposit from Fe2+ reacting with SH- in solution.
Mackinawite formed directly from the steel substrate can undergo anoxic ageing to pyrite
via a greigite intermediate. This interconversion is coupled with H+ reduction to H2 with the
protons supplied by the HCO3- anions. EIS and polarization resistance measurements
confirm that active corrosion conditions are established in the presence of SH-. However, due
to the large capacitance of the sulphide films, any attempt to establish a corrosion rate are
unreliable.
When pipeline coatings fail, and cathodic overprotection occurs groundwater in
contact with the steel can be reduced with the H produced absorbed into the pipeline steel.
If surface deposits such as CaCO3 form they can suppress H absorption. If H absorbed in the
steel is allowed to desorb it leads to degradation of the surface oxides allowing enhanced
anodic dissolution and higher passive current densities. XPS measurements demonstrated
that the degradation of passivity is coupled with the reduction of FeIIIoxides to defective
FeIIoxides such as FeO. Transportable H is predominantly trapped at grain boundaries with
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a possible preference for grain boundaries between two different steel microstructures such
as pearlite/ferrite interfaces. The effects of H absorption were more prominent on X65
compared to X70 steel due to an increase in % composition of the secondary phase in the
microstructure (21.7 % pearlite for X65 and 0.8 % bainite for X70).
Crack propagation in the X65 steel in air was determined to be affected by the
microstructure of the substrate, which in this study was X65. The X65 used in this study was
primarily comprised of high angle, high energy grain boundaries which are more susceptible
to intergranular cracking than S grain boundaries. In air, crack propagation preferred to
propagate intergranularly between two ferritic grains and transgranularly when
encountering pearlitic grains. During SCC conditions, the crack did not display any
preference for grain orientation during propagation, however, the presence of pits may have
influenced the crack direction. The presence of siderite at locations of crack widening may
be indicative of areas where the crack propagated transgranularly even in the presence of
ferritic grains.
7.2 Future Research
•

Determine the influence of other groundwater ions, in particular Cl-, on the
individual electrochemical/chemical reactions identified in the present study and on
the overall corrosion reaction.

•

Investigate the influence on the electrochemistry and corrosion of solution
compositions containing multiple anions with concentrations more closely related
to those anticipated for pipeline exposure conditions.
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•

Improve the hydrogen permeation measurements to more conclusively determine
the effects of corrosion products and deposits on the H permeation process. These
studies should also investigate the influence of SH- on H permeation.

•

Conduct a more detailed study of the influence of absorbed H on the properties of
passive oxide films on the steel surface.
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